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Abstract 


An experimental study of buoyancy-driven convection in superposed fluid layers is re- 
ported. Combinations of air and water, air and silicone oil, and silicone oil floating over 
water have been considered. The grade of silicone oil employed in the experiments is 50 
cSt. Fluid layers are confined between two horizontal isothermal plates and the enclo- 
sure is heated from below and cooled from above. The thermal configuration leads to 
a modified form of the Rayleigh-Benard problem, that has been widely studied in the 
literature for theoretical as well as practical reasons. The thermal fields in the individual 
fluid layers have been mapped using a Mach-Zehnder interferometer. 

Two cavities of different overall geometry have been designed and fabricated for 
performing the experiments. These are: (i) a cavity rectangular in plan and square in 
cross-section and (ii) a cavity octagonal in plan. The latter approximates a circular 
cavity and permits viewing the flow field from various directions. The two cavities are 
expected to bring out the dependence of post-critical Rayleigh-Benard convection on the 
geometry of the confining surfaces. Three layer heights in the rectangular and equal layer 
heights in the circular cavity have been examined during the experiments. The flow field 
in the circular cavity has been scanned through four different view angles namely 0, 45, 
90, and 135° for generating the projection data. The cavity dimensions are such that 
they constitute intermediate aspect ratio enclosures (A = 5 - 10). 

The overall temperature difference across the two walls has been decided on the 
basis of the expected flow regimes in the cavity. Both steady and unsteady three- 
dimensional flows have been permitted to occur in the two fluid layers. A large range of 
Rayleigh numbers from as low as 25 to as high as lOE-l-06 in the respective fluid layers 
has been explored. A majority of Rayleigh numbers considered are well beyond the first 
critical point of instability. The nature of the convective fields, their coupling and the 
deformation of the interface have been addressed in the present work. The loss of sym- 
metry in the thermal field of the circular cavity has been examined using a tomographic 
reconstruction technique. For the range of parameters studied, surface tension and its 
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gradient at the fluid-fluid interface are of secondary importance. 

In the air-water experiments reported for the rectangular cavity, the fluid layers 
are found to be thermally coupled at the interface. However, unsteadiness noticed in air 
at higher Rayleigh numbers is linked to the destabilizing influence of water via the me- 
chanical coupling mode. In air-silicone oil experiments, the field-of-view in air is seen to 
be completely bright, while straight fringes occurred in oil at very low Rayleigh number. 
Convection in oil leads to incipient convection in air at a subcritical Rayleigh number of 
1100. A time-dependent flow in air is realized at a Rayleigh number higher than 12,900. 
The fluid layers are found to be thermally coupled for small layer heights of silicone 
oil. In silicone oil-water experiments, the conductivity ratio determines the Rayleigh 
number ratio in the cavity and hence the flow regimes. In general, the convective flow 
in water is retarded owing to the stabilizing influence of silicone oil floating over water. 
This is indicative of the flow to be mechanically coupled at the interface. The interface 
temperature and the width- averaged Nusselt number match well with the single fluid 
correlations at lower Rayleigh numbers and wherever the coupling is thermal in origin. 
Larger discrepancies are seen when the layers are mechanically coupled and beyond the 
onset of unsteadiness. The interface deformation is uniformly small in ail the experi- 
ments. The movement of interfaces and oscillation of light streaks in the shadowgraph 
indicate the presence of three dimensional effects in the experiments involving water. 

In the circular cavity, the fluid layers of air and water show a degree of axisymmetry 
in the thermal field at a lower Rayleigh numbers. With an increase in the Rayleigh 
number, three dimensionality is seen to be dominant in water while axisymmetry still 
persists in air. With a further increase in the Rayleigh number, a dynamic steady-state 
is observed. In the air-oil experiments, f2-shaped fringe patterns indicating steady two 
dimensional thermal field is obtained in the oil layer. Axisymmetry in the thermal field in 
oil is seen to increase with that in the Rayleigh number, with the fl-roll shifting towards 
the center. In the oil-water experiments, 0-shaped isotherms in oil and a distorted 
thermal field in water has been noticed. At very high Rayleigh numbers, steady three 
dimensional flow in oil and time-dependent flow in water are realized. The experimental 
interface temperature match the estimated temperature from single fluid correlations 
fairly well for all fluid combinations. Discrepancy in the Nusselt number is seen at 
higher Rayleigh numbers in fluid layers that involve water. For all fluid combinations, 
the layers have been found to be thermally coupled. Tomographic reconstruction show 
the loss of symmetry in the thermal field, in particular in water at higher Rayleigh 
numbers. The reconstruction also shows a plume structure near the axis of the cavity. 
The interface deformation is uniformly small in all the experiments. 
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Chapter 1 
Introduction 


Convective heat transfer refers to energy transport in a fluid medium, enhanced by the 
fluid velocity. In natural convection, the fluid motion is set up solely by the buoyancy 
forces arising from the presence of density gradients. Changes in density can be induced 
by thermal fields, concentration fields or a combination of the two. Buoyancy-driven 
flows abound in nature, for example, in the atmosphere and water bodies such as lakes 
and oceans. Mantle convection in earth is an extreme example where fluid motion is 
influenced by viscosity changes with temperature, in addition to density differences. A 
variety of applications can also be seen in engineering, for example, electronic devices and 
energy storage systems. Buoyancy-driven convection is intrinsically complex because of 
the intricate coupling between the temperature field that drives fluid flow and the flow 
field that in turn distorts the temperature distribution. 


1.1 Buoyancy- driven flow 

Much of the fluid motion and transport that affect our immediate surroundings, and the 
near and far environment are induced by buoyancy. The density difference that sustains 
buoyant convection can arise from temperature and concentration gradients, as well as 
material inhomogeneities. The resulting flow pattern will additionally depend on the 
orientation of the density gradient with respect to the gravity field, the geometry of the 
confining boundaries and boundary conditions. 

The complexities in buoyancy-driven convection are brought out even in fairly 
simple configurations. Consider a thin horizontal layer of a fluid differentially heated 
in the vertical direction, namely the direction parallel to the gravity vector. The lower 
surface is heated, while the top is cooled. Let the horizontal extent of the fluid layer 
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be very large compared to its thickness. This configuration is often called the Rayleigh- 
Benard system. Due to the temperature gradient imposed across the plates, the fluid 
layer near the lower wall expands and is lighter than the overlying fluid. This is a 
gravitationally unstable configuration. In order to achieve stability, the warmer /lighter 
layer at the bottom tends to rise and the cooler /heavier layer at the top sinks downwards. 
This results in a convective flow, leading to a cellular pattern in the fluid motion. The 
Rayleigh-Benard configuration is schematically shown in Figure 1.1. 



HOT WALL 


Figure 1.1; Schematic drawing of Rayleigh-Benard convection in a differentially heated 
fluid layer. 


The convection pattern in the fluid layer depends strongly on the location of the 
side boundaries^ in the two lateral directions. Thus, even for the simplest configuration 
(as in Figure 1.1), two additional parameters that characterize the flow field appear in 
the discussion. These are the aspect ratios Ax and A^, defined respectively as the two 
horizontal dimensions of the fluid layer scaled by its height, Figure 1.2. 



Figure 1.2: Aspect ratios of a differentially heated fluid layer. 

^It is implicitly assumed here in the discussion that the boundaries are rigid; they may be partly or 
fully conducting. 
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The driving force responsible for the convective motion in a homogeneous fluid 
is buoyancy. If buoyancy force is smaller than a certain threshold, the viscous forces 
between the fluid layers act as internal friction and inhibit fluid motion. Heat transfer 
across the fluid layer is then purely by conduction. Once the buoyancy forces exceed a 
threshold value, convective motion is initiated. The relative strength of the two forces i.e. 
buoyancy and viscous can be characterized using a dimensionless quantity, the Rayleigh 
number. It is defined as 


^ gmto^JTcoid}^ ( 1 , 1 ) 

u a 

Here g is accleration due to gravity, and /3, u and a are respectively the coefficient 
of thermal expansion, kinematic viscosity and thermal diffusivity of the fluid medium. 
More appropriately, Ra can be understood as the ratio of the gravitational potential 
energy to be gained by reversing the unstable fluid stratification set up by the thermal 
gradient, to the energy cost associated with this reversal due to viscous dissipation and 
thermal diffusion (Chandrasekhar, 1961: Drazin and Reid, 1981: Bejan, 1984). Thus 
Rayleigh number is a quantitative measure of when the transition from conduction state 
to convection for a given configuration^. 

The second non-dimensional quantity that affects thermal convection is Prandtl 
number. It is defined as 

Pr=- (1.2) 

a 

The Prandtl number is a measure of the ratio of the molecular diffusivity of momentum 
to that of thermal energy and is a fluid property. This in turn affects the nature of 
the instabilities to which convection rolls are subjected, after the onset of convection. 
The first instability that indicates incipient fluid motion beyond the conduction state 
is however independent of the Prandtl number. The transitional Rayleigh numbers are 
strong functions of the aspect ratio. 


1.2 Two- layer convection 

The problem of convection in superposed fluid layers has received much attention in the 
recent years. Originally most of the research was motivated by the suggested occurrence 
of two-layer convection in the earth’s mantle. The 670 km seismic discontinuity has 
been interpreted by geophysicists as an interface separating two different types of mantle 

■^Higher order transitions, for example steady to unsteady can also be characterized by the Rayleigh 
number. 
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material. A novel feature of the two-layer system is the possibility of a Hopf bifurcation, 
namely an oscillatory instability at the onset of convection. First siiggosted by Gershuni 
and Zhukhovitskii (1982), this has provided the impetus for a number of theoretical 
investigations. 

Two-layer convection is the result of differentially heating confined superposed fluid 
layers. The two layers can be a combination of liquid and gas or two immiscible liquids. 
The layers are confined between two rigid, horizontal surfaces, heated from below and 
cooled from the top. Two-layer convection can also be conceived as an extension of 
the frequently studied problem of natural convection in a differentially heated cavity 
with a single fluid that is either completely confined, or featuring a free surface. The 
resulting' transport problem is affected by the ratios of thermophysical properties such 
as dynamic viscosity, density and thermal diffusivity of the two fluid layers and the 
confinement geometry. While single layer convection is governed by the Rayleigh number 
and the Prandtl number, a larger number of non-dimensional parameters are important 
for two-layer convection. Specifically, the fluid property ratios, Rayleigh numbers of 
the individual fluid layers, Marangoni number at the interface, layer thickness ratio and 
cavity aspect ratio are a few of them. 

The main difference between one and two layer convection is in formation of an 
interface. With a liquid-gas combination, the interface is a free surface that may give 
rise to surface-tension-driven convection apart from being buoyancy-driven. Variations 
in surface tension along a liquid-gas interface induce a shear stess on the interface. In 
superimposed immiscible liquids, two-layer convection gives rise to deformable interfaces. 
Interfacial surface-tension-gradient-driven convection is caused by the variation of surface 
tension with temperature. Therefore any temperature gradient established across the 
surface of the liquid will be accompained by a gradient in the surface tension. The 
surface tension gradients can induce flow in the bulk of the liquid, usually referred to 
as Marangoni convection. Like density, the surface tension decreases as temperature 
increases and flow is induced from the warmer regions towards the cooler portions of the 
interface. 

A non-dimensional parameter that relates surface tension and viscous forces within 
a liquid is the Marangoni number, and is defined as 

( 13 ) 

/i q; ^ 

Here cr, q and a are respectively the coefficient of surface tension, dynamic viscosity and 
thermal diffusivity of the liquid in which convection has been set up. In the definition, 
That and Tcoid refer to the maximum and the minimum temperatures over the interface 
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and H is their vertical separation. In thin liquid layers, the temperatures can be replaced 
by global maximum and minimum values, and H by the layer thickness. Convection sets 
in first when the Marangoni number Ma exceeds a critical value. Convective motion can 
be initiated by surface tension gradients alone, even in the absence of a gravity field. 

An intriguing feature of convection driven by surface-tension gradients is that it 
alters the shape of the interface. Regions of enhanced surface tension tend to pucker, 
so that they reduce their total exposed area (Velarde and Normand (1980)). The con- 
sequences of this effect are contrary to intuition. At the boundary of a convection cell 
where the fluid rises, the surface is depressed; at the edges of the cell, where the fluid 
falls, the surface is raised. The reverse phenomena that match our expectations are 
realized for buoyancy-driven convection. In the absence of surface tension, the surface 
gets elevated when the fluid has positive vertical velocity; and the surface is depressed 
when this velocity changes sign. 

The interactions of gravitational and surface tension are subtle and complex. A 
theory that incorporates both buoyant and surface-tension forces known as Benard- 
Marangoni convection was formulated in 1964 by D.A.Nield of the University of Auck- 
land. This theory is applicable for a liquid-gas system. Buoyancy is initiated in the 
upper gas layer, and simultaneously sends a thermal signature to the surface. This gen- 
erates either surface tension or buoyancy convection in the lower layer. For example, in 
small fluid heights, interfacial-tension-driven convection (Marangoni) dominates. How- 
ever, for greater fluid layer heights, buoyancy-driven convection (Rayleigh-Benard) is the 
dominant transport mechanism. 

The other important difference between one and two-layer convection is in terms 
of coupling of the flow fields in each layer across the well-defined interface. If one of 
the fluids is a gas, the interface could be a free surface, and the motion of the fluids 
could be practically uncoupled. When the fluids are placed in an enclosure and the 
motion is thermally driven, flow patterns in the fluid layers are coupled even when one 
of the phases is a gas. Two distinct modes of flow coupling between the fluid phases are 
possible. These are thermal and mechanical coupling respectively. The resulting cellular 
patterns in each of the fluid layers is shown in Figure 1.3. 

Irrespective of the nature of coupling, the continuity of temperature at the interface 
is realized^. In thermal coupling, the recirculation patterns in the individual layers are 
driven by the temperature difference appropriate for each of them. It is thus possible for 
the rolls in each phase to have identical sense, clockwise or anti-clockwise. In mechanical 


^The normal heat fluxes are also strictly continuous, irrespective of the nature of the coupling. 
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coupling, the circulation in one phase drives that in the other by the mechanism of 
viscosity. Thus the two rolls can be oppositely oriented and the flow along the interface 
IS in the same direction in both layers. In mechanical coupling, the fluid particles in 
one layen meohamcally drag those in the other. This implies that regions of ascending 
hot Hard in one layer coincide with regions of descending cold finid in the other layer 

direTtil ‘■'e ‘wo fiuids to flow in the same 

The present thesis is an investigation of buoyancy-driven convection in differentially 
ea ed superposed fluid layers. Experiments have been carried out in a rectangular and 
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1.3 Engineering applications 

Buoyancy driven convection in overlying fluid layers is of interest in a variety of engi- 
neering applications and has a great scientific importance. It has direct relevance to 
atmospheric convection. The importance can be seen from geophysical studies to astro- 
nomical research. The need to study fluid convection is very strongly felt for theoretical 
as well as fundamental reasons. 

Important applications of buoyancy-driven flows in two-layer convection are: 

• con\’ection in the earth's mantle. 

• liquid-encapsulated crystal growth. 

• crystal growth from its aqueous solution.. 

• steam generators of nuclear power plants. 

• evaporation mass fluxes at the surface of large water bodies. 

The following discussion summarizes each of the applications in brief. 

One of the most complex convective systems in nature is that which apparently 
operates in the earth’s mantle (Figure 1.4). The heat that drives the circulation is 
liberated not at a boundary but rather throughout the volume of the material, mainly 
as a result of the decay of the radioactive elements. A temperature gradient is formed 
under these circumstances because heat is lost from the system only at its boundary. As 
a result the temperature increases with depth. There is little doubt that the gradient 
is large enough to induce convection, but the properties of the system are complicated 
and the mantle is inaccessible to measurement. Hence the form and dimensions of 
the convection patterns are highly uncertain. Viscosity increases sharply with depth, 
and at some level in the convective zone the material undergoes a transition from one 
crystalline phase to another. These factors significantly increase the complexity of the 
flow phenomena. 

In liquid-encapsulated crystal growth, the crystal material in molten form is placed 
in a cylindrical crucible. Another layer of liquid of low volatility, called an encapsulant, 
is placed on top of the lower liquid, and the arrangement has a layer of inert gas above. 
The role of the encapsulant is to prevent the evaporation of certain species from the 
molten material below''. The crystal is grown from its melt by initially suspending a 


“’Such an arrangement for crystal growth is popularly known as the Czochralski technique. 
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Figure 1.4: Schematic drawing of two-layer mantle convection (Schubert et al. (2001)). 


Pull rale 



Figure 1.5: Schematic drawing of Czochralski technique, after Prasad et al. (1997). 

seed at the melt surface. As the crystal grows in size, definite temperature differences 
across the encapsulant as well as the molten material appear in the apparatus. The 
temperature difference then causes convection in the fluid layers, partly by the interfacial 
tension gradient, but mainly by buoyancy forces (Figure 1.5). Convection is important 
in crystal growth as it will affect the quality of the crystal structure and the distribution 
of dopants in alloys. 

High grade optical crystals can be grown from an aqueous solution that is initially 




1.3 Engineering applications 


9 


supersaturated with the salt (Figure 1.6). The process comprises of applying a negative 
ramp rate in temperature and allowing the excess salt to crystallize on the seed. While 
growing a crystal from the aqueous solution, the growth mechanism of the crystal as well 
as its morphology are intricately linked to the temperature and concentration gradients 
at the crystal surface. Since these gradients set up a density field as well, the crystal 
will experience buoyancy-driven motion around it. The convective field in practice will 
be modulated by the free surface of the aqueous solution. Hence, understanding and 
controlling the convection mechanism is necessary for the formation of good quality 
crystals. In Figure 1.6, the black dots represents water molecules, while the hollow dots 
denote the dissolved solute. Flere the solute nearest to the crystal attaches to the surface, 
leaving water behind. The water particles being light, rise in the beaker and the denser 
solution moves next towards the crystal. 




Water 

molecules 


Dissolved 

solute 


Figure 1.6; Schematic drawing of cystal growth from its aqueous solution. 


Modelling convection patterns is also of importance for the successful operation 
of nuclear power plants. Specific applications include passive heat removal in advanced 
reactor systems, stratification phenomena in steam vessels in which hot and cold water 
streams mix (Figure 1.7) and thermal pollution in the reservoirs. The liquid metal pools 
in fast breeder reactors are also subjected to density stratification. 

■ In the earth’s atmosphere, convection phenomena can be observed at several length 
scales. Local heating of the atmosphere near the earth’s surface gives rise to small-scale 
convective flows, including wind and storms. Cumulus clouds that form when warm 
humid air rises and cools and thereby becoming supersaturated with moisture, often mark 
the convective overturning of the atmosphere. Clouds formed as a result of convective 
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Figure 1.7; Mixing of hot and cold water streams in a steam generator in the presence 
01 a free surface. ' Fi'-bence 

circulation are themselves unstable, leading to further convective motion. The cloud is 
cooled at the top by the loss of heat into space and warmed at the bottom by radiation 
absorbed from the ground. If the magnitude of these effects is large enough, a convection 
cell within the cloud can be established (Figure 1.8). 
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The compressibility of seawater is small, and it can influence convective motion 
only at the greatest depths. Another variable that has an important influence is salinity. 
The density of seawater varies not only with temperature but also with the concentration 
of dissolved salts; the density increases with the salinity. As a result two independent 
factors can work together to establish a density gradient. The interaction of these factors 
can give rise to new types of convective motion not seen when only a single gradient is 
present. 

The problem of two-layer convection addressed in the present thesis is at the 
laboratory-scale. It can however form the basis of understanding of natural phenom- 
ena that occur over lakes and oceans on one hand and specific configurations in nuclear 
power plants, on the other. 


1.4 Optical methods 

Optical visualization of flow fields is a well-established method for the experimental 
study of many physical processes and engineering applications. Examples can be seen 
in compressible and plasma flows, combustion and flames, convective heat transfer and 
mixing flows. 

The non-intrusive nature and the ability to record the instantaneous flow or thermal 
field makes optical techniques a very effective means of investigation in engineering mea- 
surements. These techniques generally employ radiation sources as probes. Radiation- 
based measurements share a common feature in that they generate data of a cross- 
sectional fie Id- of- view. This is to be contrasted with mechanical probes that are con- 
cerned with measurements at a point in space and can accomplish this task only after 
the field to be studied has been physically perturbed. Hence the scanning of a cross- 
section of the physical region using radiation-based probes results in a large volume of 
information with practically no time delay. 

The choice of the energy source in a radiation-based measurement is problem spe- 
cific and cannot be generalized to all classes of problems. The technique to be chosen for 
a problem has to be decided from both experimental and theoretical points-of-view. The 
radiation employed in any measurement is generally required to be monochromatic. Its 
wavelength depends on the application concerned. A variety of sources such as gamma 
rays, ultrasonics and lasers have been used in engineering. Material testing employs ul- 
trasonic waves or X-rays to permit the transmission of radiation^n the solid region. Oil 
exploration, on the other hand uses phenomena such as disturbances in the earth’s mag- 
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netic field and scattering of mechanical vibrations that are directed towards the earth 
interior. In optical systems specific to fluid mechanics applications, lasers in the visible 
range are employed. One can then collect the information on optical path length or fre- 
quency shifts of the scattered light from particles contained in the fluid. The selection of 
the detector system depends on the radiation employed and the measurement accuracy 
desired. The method of data reduction also shows considerable variability, depending 
among other factors on the quantity to be measured. 

When the wavelength of radiation used is in the visible range, the measurement 
procedure classifies as an optical technique. The region being scanned appears then on 
a screen as an image that is visible to the naked eye. Optical techniques require the 
medium under study to be transparent. In thermal sciences as well as fluid mechanics 
there has been a revival of optical techniques for temperature and \'elocity nu'asurements 
in fluids, primarily for the following reasons: 


• Commercially available lasers have a high degree of coherence (both spatial and tem- 
poral) and are cost-effective. 

• Optical images can be recorded conveniently through computers and can be processed 
as a string of numbers through numerical algorithms. 

The implications are that: (1) coherence generates stable image patterns which truly 
reflect fluid behaviour and (2) computer programs now simplify and replace very tiring 
manual data extraction procedures. 

Broadly the optical techniques employed in fluid-flow measurements can be divided 
into three categories: (i) flow visualisation through the injection of tracer particles, (ii) 
measurement of frequency shift of scattered illumination from an injected tracer medium 
in the flow field and (iii) measurement of index of refraction of the fluid or its spatial 
derivatives. The present thesis utilizes the method belonging to the third category 
to study buoyancy-induced convection in superposed fluid layers in a Rayleigh-Benard 
configuration. Optical methods which utilize the dependence of refractive index of light 
on quantities such as density, concentration and temperature can be configured in many 
different ways. Three popular routes are: 


1. Shadmaraph. where the reduction in light intensity on beam divergence is em- 
ployed. This specifically measures the variation of the second order derivative of 
the index of refraction normal to the light beam. 
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2. Schliex'en , where the deflection of light in a variable refractive-inde.x field is cap- 
tured. This technique handles the variation cf the first order derivative of the index 
of refraction normal to the light beam. 

3. Interferometry , where the image formation is related to changes in die refractive 
index with respect to a reference environment. This method responds directly to 
the refractive index field of the flow system. 

For a wide class of applications where temperature differences are within cerrain bounds, 
interferometry appears to be a versatile tool for accurate measurement of three dimen- 
sional unsteady temperature fields, and with some modification, for velocity fields. In 
fact, if refraction errors are taken care of, interferometry^is a promising tool for measure- 
ments including high temperature gradients. 'Many applications that involve free and 
forced convective heat transfer are included in this category. One large-scale applica- 
tion worth mentioning is the satellite-based imaging of the planetary atmosphere using 
coherent optics. Shadowgraphy and schlieren techniques are well suited for problem of 
high temperature/density gradients such as flames and shocks. 

Information about temperature is present in interferometry in the optical path 
difference between the test and the reference beams and hence their phase difference. 
This necessarily requires a coherent and monochromatic light source. In contrast, the 
schlieren and shadowgraph techniques donot rely on coherence though a monochromatic 
source is needed. The requirement of a coherent light source and coherent optics makes 
interferometry expensive compared to the other refractive index-based methods. How- 
ever interferometry can generate accurate and unambiguous data. For a purely two 
dimensional flow field with the light ray direction oriented at normal incidence, interfer- 
onaetry generates interference patterns representing either isotherms or the temperature 
proflle depending on the optical adjustment. If the flow field is three dimensional in- 
terferometry still gives an overall idea of the flow^ mechanism in terms of an average 
effect along the direction of the light ray. Hence interferometry has the advantage of 
visualising the thermal phenomenon under study while the experiment is in progress in 
a more appealing way, compared to the schlieren and shadowgraph techniques. All the 
three methods belonging to the class of refractive index based-methods are capable of 
being used in real-time applications. Since each of them produces an integrated effect of 
a three dimensional field in the form of a two dimensional image, it*is possible to employ 
the tomographic method to reconstruct the three dimensional field of re&active index 
or its derivative. .A.S far as measurements are concerned interferometry is more complex 
compared to the other two methods. 
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Optical techniques can be used for validating numerical solutions of the flow and 
heat transfer equations. If the three dimensional field from a numerical solution is com- 
puted, schlieren, shadowgraph and interferometric images can be numerically constructed 
and can be compared with those in the respective experiments. 


1.5 Objectives of the present work 

In the present thesis, buoyancy-driven convection in differentially heated superposed 
horizontal fluid layers has been studied experimentally using laser-interferometry. The 
thermal field has been mapped using a Mach-Zehnder interferometer. The interfero- 
grams have been obtained as a collection of fringe patterns. The interferograms give 
line-averaged information along the direction of the light ray. Hence they represent a 
projection of the thermal field in that direction. The interferograms can also be used to 
identify qualitatively the flow pattern prevailing within the cavity. 

Fluid layers comprising of air-water, air-oil and oil-water combinations have been 
selected for the present experiments. The oil referred here is 50 cSt grade silicone oil. 
Fluid layers were confined in between two horizontal, isothermal plates heated from below 
and cooled from the top. The configuration leads to a modified form of the Rayleigh- 
Benard problem, that has been widely studied in the literature. Two-different geometries 
of cavity have been designed and fabricated for performing the experiments. These are; 
(i) a cavity rectangular in plan and square in cross-section and (ii) an axisymmetric 
cavity octagonal in plan. The latter approximates a circular cavity. Three layer heights 
in rectangular and equal layer heights in the axisymmetric cavity for each combination of 
fluid-layers were examined during the experiments. The overall temperature differences 
across the two walls were decided on the basis of the expected flow regimes in the cavity. 
Both steady and unsteady three-dimensional flows were permitted to occur in the two 
fluid layers. The nature of the convective fields, their coupling and the deformation of 
the interface have been addressed. 


1.6 Thesis organization 


The present thesis has been organized in the following manner. Chapter 2 is a re- 
view of the published literature on one and two-layer convection. The classification is 
broadly based on the physical mechanisms studied, geometry of the cavity selected, fluids 
considered, visualization techniques, analysis of data and major conclusions. Chapter 
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3 presents the description of the test cells utilized in the present study for two-layer 
convection and the instrumentation employed for experimentation. Chapter 4 focusses 
on the data reduction and the uncertainty involved in the experimental data that was 
recorded in the form of interferograms. Chapter 5 presents the results of two-layer con- 
vection in a rectangular cavity for different layer heights and temperature differences 
imposed across the two walls. Chapter 6 presents the results of two-layer convection in 
an axisymmetric cavity for equal heights of the fluid layers. Chapter 7 summarizes the 
conclusions arrived at in the present work and the scope for future work. 



Chapter 2 

Literature Survey 


To quote the remarks of Busse (1978), “Thermal convection is arguably the most com- 
monly occurring fluid flow phenomena in the Universe.” 

The subject of Rayleigh-Benard convection ha.s been extensively investigated in 
the past and continues to be an important topic of research. This is because of its 
applicability in areas as diverse as astrophysics, atmospheric sciences, and engineering. 
Rayleigh-Benard convection appears in a fluid layer bounded by two flat horizontal 
surfaces heated uniformly from below and cooled from above. An unstable vertical 
density gradient settles across the fluid layer when, the driving force, namely buoyancy 
overcomes the dissipative efl'ect of viscosity, convective motion is triggered. The nature of 
fluid motion exhibits considerable variability in practice owing to a wide range of length 
and temperature scales encountered, as well as the fluid properties. The flow physics 
can be unified to a great extent when examined through dimensionless parameters such 
as the Rayleigh number and the aspect ratio (Chapter 1). 

In a two-layer Rayleigh-Benard system, instabilities and convection patterns de- 
pend on several dimensionless groups. Specifically fluid property ratios, Rayleigh num- 
bers of the individual fluid layers, layer thickness ratio, cavity aspect ratio and the overall 
geometry of the confining surfaces are important. In addition, surface tension and its 
gradient at the interface can play a significant role, particularly in fixing the critical 
points and at low Rayleigh numbers. 

. Two-layer convection has been studied in a cylindrical, rectangular as well as square 
geometries by many authors. The cylindrical geometry was adopted mainly because of 
its application to crystal growth. Here the melt is placed in a crucible, cylindrical in 
shape and the grown crystal is drawn from it by inserting a seed. Often, an encapsulant 
layer floats over the liquid alloy to prevent the volatile components leaving the crucible. 



18 


Literature Survey 


The rectangular and square geometries have been studied mainly to explore the nature 
of the interface deformation and the onset of steady and unsteady convection. In most 
studies reported, convection is driven by buoyancy (Benard) as well as surface tension 
gradients (Marangoni) at the interface. 

The research reported in the present thesis is concerned with convection in super- 
posed fluid layers. Quantities such as the roll patterns and heat transfer rates have been 
compared with those for a single layer, where appropriate. Hence, the present chapter 
reviews literature available for Rayleigh-Benard convection in both single and two fluid 
layers. 


2.1 One-layer convection 

The classical Rayleigh-Benard problem of a single layer heated from below occupies a 
central place in the study of non-linear hydrodynamics. The appearance of numerous 
spatial and temporal bifurcations in this system make the problem an ideal model for 
the study of flow transitions to turbulence. Accordingly, it has attracted a diverse group 
of theoreticians and experimentalists. 

Rayleigh-Benard convection in small (« 2-10), to moderate (« 10-30) size con- 
tainers is fundamentally different from that in large (ss 30-60) aspect ratio containers, 
since the presence of vertical side walls strongly modulates pattern formation and mode 
selection. Side walls have a stabilizing effect on the onset of convection itself owing 
to an increased viscous drag. Within each range of aspect ratios, the flow transitions 
strongly depend on the Prandtl number of the fluid and the geometrical structure of the 
side walls. The published work on each of the three ranges of aspect ratio is scattered 
and a uniform trend is not discernible. A large amount of literature is available for low 
aspect ratio enclosures. This is because numerical calculations are easier to perform 
over a physically small domain. Experiments with small aspect ratio enclosures are also 
conveniently carried out. This improves the possibility of a direct comparison of theory 
with the experiments. 

For small Rayleigh numbers the flow is generally stable with respect to all distur- 
bances. As the Rayleigh number increases, the flow become unstable to specific forms 
of disturbances. Over certain ranges of Rayleigh numbers, the disturbances perturb the 
flow pattern but the system slowly returns to the stable state, in the sense that the 
disturbances do not grow with time. As the Rayleigh number is further increased, the 
flow becomes unstable to all disturbances and becomes chaotic. The flow field during 
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Rayleigh-Benard convection undergoes a number of discrete transitions and the flow 
structure in each of the transitions is well-defined over a range of Rayleigh numbers. 

Krishnamurti (1970a, 1970b) has presented a regime diagram for the different tran- 
sitions in a Rayleigh-Benard convection system as a function of Rayleigh number and 
Prandtl number (Figure 2.1). 
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Figure 2.1; Experimentally recorded regimes in Rayleigh-Benard convection, after Kr- 
ishnamurti (1970a, 1970b). 

This is one of the earliest experimental studies where a number of different fluids and a 
variety of cavity sizes were considered. In these experiments, the bottom plate was made 
of a low conductivity methyl methcrylate layer sandwiched between two high conductiv- 
ity aluminium plates. An electric heater was employed for heating and chilled water for 
cooling the plates. Flow was visualized by tracer particles and the heat transport was 
measured by means of thermocouples located in the confining horizontal plates. The 
associated flow field was observed through the records of tracer particles injected in the 
fluid. The data for heat flux from the walls corresponding to different Rayleigh number 
was also reported. Owing to the experimental method adopted, this work has a large 
uncertainty for low Prandtl number fluids such as gases. The main conclusion of the 
author is that flow undergoes a sequence of transitions. Flow patterns encountered are 
steady two dimensional flow, steady three dimensional flow, unsteady three dimensional 
flow with pattern formation, time dependent flow and finally the field becomes turbu- 
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lent. Each transition in the flow configuration is marked by a change in slope of the heat 
flux curve with respect to the cavity temperature difference. Specifically four distinct 
changes in the slope were seen, each marking a bifurcation of the flow pattern. Above 
the third change in heat flux curve the corresponding flow patterns were found to be 
time dependent, with movement of hot or cold spots along the cells. The effect of strong 
hysteresis^ was also observed in the wall heat flux and flow patterns. 

In a subsequent study, Krishnamurti (1973) extended the flow regime diagram with 
respect to the Prandtl number, covering the range 2.5 x 10“^ < Pr < 0.85 x 10^. For 
low Prandtl number fluids the change in the slope of the heat flux curve associated with 
bifurcations in the flow pattern was again observed. The general observation was that 
there was an increase in the slope of the heat flux curve in the presence of a bifurcation. 
However, for low Prandtl number fluids there was a decrease as well as an increase in the 
slope of the heat flux curve with an increase of Rayleigh number. For air, the increase in 
slope of the heat flux curve was found at Rayleigh numbers of 1700 and 6000. These two 
points correspond respectively to the onset of convection and time-dependent oscillations 
in the cavity. A decrease in slope was observed at a Rayleigh number of 10000 and again 
at a Rayleigh number of 17000. The response time for the low Prandtl number fluid, 
specifically for air was found to be very long when compared with higher Prandtl number 
fluids. When Rayleigh number was increased by a small amount it was found that the 
steady state for the new Rayleigh number was achieved after a longer time as compared 
to other fluids. This can be explained because the thermal diffusion time decreases in 
comparison to the viscous diffusion time as the Prandtl number decreases. By considering 
cavities of rectangular cross-section in plan, Krishnamurti (1973) has shown that rolls 
parallel to the shorter side of the cavity are stable. This orientation minimizes the ratio 
of the rate of viscous dissipation of kinetic energy to the rate of release of potential 
energ}- by the buoyancy force. Expressed in another way, the preferred orientation is 
one in which the rolls meet most of the side boundaries at right angles. Although the 
theory is for perfectly conducting side walls which would almost never be used in an 
experiment, certain features controlled by viscous dissipation can still be expected to be 
observed. A couple of experiments were also performed in circular cavity of diff'erent 
sizes. The interior rolls were not seen to be axisymmetric while those near the side walls 
had defects and met the side boundaries mostly at right angles. 

Ahlers and Behringer (1978) used a cavity with a cylindrical geometry for experi- 
mentation on Rayleigh-Benard convection with different fluids. The largest aspect ratio 
was 57 and Prandtl numbers of 4.40 and 2.94 were employed. The authors reported that 


^namely, the heating rate of the bounding surfaces 
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beyond the onset of convection the flow field was unsteady but nonperiodic. For cavities 
with an aspect ratio in the range of 2 to 6 and for a Prandtl number of around 0.8, the 
flow field was seen to follow two different routes to the turbulent state. For the cavity 
size with an aspect ratio of 5, the flow was seen to become nonperiodic, after remaining 
in the periodic state over a range of Rayleigh numbers. For a small cavity with an aspect 
ratio of 2, the flow field passed through a quasiperiodic state between a time dependent 
and a nonperiodic state. 

Kim and Viskanta (1984) reported the effect of wall conductance on buoyancy- 
driven convection in a two dimensional rectangular cavity. The study included both 
experimental as well as numerical investigations. The working fluid considered was air. 
The size of the cavity employed for experimentation had a cross-section of 3.6 cm x 3.6 
cm, and the length of test-cell along the viewing direction was 19 cm. The walls were 
made of Lexan. A Mach-Zehnder interferometer with 25 cm optics was used for data 
collection. Three different configurations for convection in enclosures were considered, 
the side walls being conductive in all the three cases. Of the three, one of the problems 
considered was Rayleigh-Benard convection. In the experiments, the flow revealed a 
circulation pattern inside the cavity. The walls were seen to conduct heat to and from 
the fluid. The direction of heat transfer from the conducting side walls showed a wave- 
like behaviour. Near the bottom wall there was an addition of heat to the system by 
the conducting side walls. The vertical conducting walls had a stabilizing effect on the 
flow. At steady state the interference fringes were distorted and formed cells. Here the 
flow was assumed to be turbulent (random laminar flow) that has resulted from thermal- 
plume activity since the Rayleigh number reached a value of the order of 10®. Despite 
the optical axis being aligned parallel to the long side, cellular motion was noticed in the 
central core of the cavity. Symmetry in energy balance was not seen between the two 
horizontal walls, the Nusselt number for the top wall being lower than the bottom wall. 

A typical flow pattern which has received considerable attention in the past is cel- 
lular convection in a rectangular parallelpiped of a small aspect ratio. Both calculations 
(Davis 1967) and experiments (Stork and Muller 1972) show that convection near its 
onset usually has the form of rolls oriented parallel to the short side of the cell; these 
are referred to as the short rolls. Later, theoretical results of Bueller et al. (1979) 
showed in a definite manner that although rolls parallel to the short side are more likely, 
rolls parallel to the long side can also exist; these are commonly known as long rolls. 
Furthermore, Kolodner et al. (1986) did in fact observe long rolls experimentally for 
intermediate aspect-ratio rectangular container for large Prandtl number fluids. This 
is an important issue. Small aspect ratio Rayleigh-Benard convection with short rolls 
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have been assumed in the past to study the various routes to chaos and turbulence. If 
stable long roll patterns can indeed be generated, this could be a useful starting point 
for further investigation in the time-dependent domain. 

The second related observation in a differentially heated fluid layer is the loss-of-roll 
phenomenon. It is realized over a continuous range of Rayleigh numbers^. For a fixed 
Prandtl number and a range of Rayleigh numbers the roll pattern is the most stable 
form of convection. Thus, subsequent to an instability the roll pattern is most likely 
to be restored, though with a change in the structure. Different types of instability 
mechanisms that change the wavelength of the roll system have been discussed by Busse 
(1980). The zigzag instability bends the longitudinal rolls in a wave-like fashion. This 
is followed by a lengthening of the boundaries between the rolls, resulting in an increase 
in the wavenumber of the roll system. Experimentally, it has been observed that new 
rolls are formed in two directions enclosing angles of 40“ and 140“ with the direction of 
the original rolls (Busse, 1980). The cross-roll instability occurs in the form of rolls at 
a right angle to the given rolls such as to minimize the interaction between the original 
pattern and its disturbance. The cross-roll instability can also lead to knots appearing 



Figure 2.2; Shadowgraph observations of spoke pattern convection in a layer of methyl 
alcohol (Pr = 7) with increasing Rayleigh numbers from (a) to (d), after Busse (1980). 

on the boundaries of the rolls. As indicated by its large wavelength, the knot instability 
tends to develop into spoke pattern cells. As the Rayleigh number increases, the spoke 

^Loss of rolls refers to the formation of fewer rolls compared to the cavity aspect ratio, rounded off 
to the closest integer. In addition, the rolls could also be of unequal sizes. 
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pattern cells seem to evolve gradually into those shown in Figure 2.2. Another important 
instability mechanism that is responsible for the loss-of-roll phenomena is the skewed- 
varicose instability. The roll structure gets distorted along the axis of the roll. As a 
result, the roll size changes along the axis of the roll. A subharmonic wave develops, 
that causes later the pairing of two of the distorted rolls. The skewed-varicose instability 
has been found to be the main cause for the loss-of-roll phenomena in a low Prandtl 
number fluid such as air. 

Roll orientation in Rayleigh-Benard convection has been reviewed in the following- 
discussion. This aspect is of relevance to the present thesis on convection in superposed 
fluid layers. 

Kolodner et al. (1986) studied Rayleigh-Benard convection experimentally in an 
intermediate-aspect-ratio rectangular container. The aspect ratios were 10.61 and 9.25 
with respect to the height of the container. A constant heat flux boundary was used in 
the experiment instead of the isothermal boundary condition. However, according to the 
authors, isothermal boundary conditions would have produced the same experimental 
observations. The authors used a lower plate made of copper and a sapphire top plate 
with horizontal walls of acrylic plastic. The top plate was cooled with flowing water 
and the bottom plate was electrically heated. Optical access from the top of the appa- 
ratus allowed visualization. A shadowgraph technique was employed for this purpose. 
Visualization from the side walls gave images of the horizontal view. These images were 
projected to a screen and the entire flow process was recorded on video tapes. The 
authors observed that at the onset of convection, stable patterns in the form of rolls 
were parallel to the short side of the container for a Prandtl number range of 2 < Pr 
< 10. The roll pattern was not stable when the Rayleigh number reached the critical 
value of approximately 11,100, obtained by continuous slow heating. At this value of the 
Rayleigh number, the loss-of-roll phenomena was seen to occur. 

Kolodner et al. (1986) observed the reverse trend also, namely the rolls aligned 
parallel to the long side of the container for the Prandtl number range 10 < Pr < 20. The 
shape of the rolls was distorted while time dependence was initiated when the Rayleigh 
number reached the critical value of approximately 45,600. The authors concluded that 
several transitions in the flow pattern was possible with increasing Rayleigh number 
before the onset of time dependence. 

Kirchartz and Oertel (1988) have shown the transition from 4-rolls to 3 and finally 
to 2-rolls for a box of small aspect ratio. The cavity was developed using copper plates. 
The upper plate was thermostatically controlled using chilled water and the lower plate 



24 


Literature Survey 


was electrically heated. Perfectly conducting side walls were setup by employing sur- 
faces made of quartz. Differential interferometry along with a scanning mirror and laser 
Doppler anemometer were employed to study the flow and thermal phenomena. The au- 
thors concluded that in horizontal boxes, the rolls parallel to the shorter side of the box 
seemed to be the preferred solution. Numerical analysis showed the smallest eigenvalue 
to be 1817 as against 1883 for the rolls parallel to the longer side of the box. 

Michael and Yang (1992) reconstructed the three dimensional temperature field in a 
differentially heated fluid layer from its interferometric projections. The authors saw the 
presence of rolls in a water filled cavity of aspect ratios 8.7 and 9.0. The two horizontal 
confining walls of the cavity were made of aluminium. The top plate was cooled using 
water at a constant temperature flowing over the aluminium sheet. The bottom plate 
temperature was maintained using three electric foil heaters connected in series. Two 
sides of the vertical side walls were made from delrin and the other two sides were made 
from 25 mm thick optical flats. Three thermistors were used in each aluminium plate 
to measure the temperature of the plates. A Mach-Zehnder interferometer with 20 cm 
diameter optics and a Helium-Neon laser of 10 mW power were employed for collecting 
the projection data. The wedge fringe setting of the interferometer was used to record 
the convection pattern inside the cavity. For the tomographic reconstruction of the 
three dimensional temperature field the authors employed the corresponding numerical 
solution of the physical problem as an initial guess to the reconstruction algorithm. The 
results showed the formation of T-defects in the longitudinal rolls near the region of the 
short side of the box. The movement of hot and cold spots along the roll was observed. 

Michael and Yang (1992) also concluded that often, the rolls were aligned with their 
axis parallel to the longer side of the cavity. The authors chose to study the field only 
when the rolls were aligned in this direction for two reasons. First, the number of rolls 
could be clearly obtained in the experiments, making it easier for a comparison with the 
numerical prediction. Secondly, the direction with the least amount of three-dimensional 
effects was along the main direction of the light, being consistent with the traditional 
two-dimensional use of the Mach-Zehnder interferometer. 

Mukutmoni and Yang (1992) studied numerically the stability of long rolls in 
Rayleigh- Benard convection in a small aspect ratio rectangular box with insulated side 
walls. The aspect ratios Avere taken to be 3.5 and the Prandtl was set at 2.5. These pa- 
rameters are identical to those in the experiments of Gollub and Benson (1980). Mukut- 
moni and Yang (1992) performed the numerical computation on a 30x20x30 grid, se- 
lected on the basis of a grid refinement study. The numerical solution revealed a flow field 
that consisted of two counter-rotating rolls parallel to the long side, This is in contrast 
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with the investigations of Gollub and Benson (1980), in which the two counter-rotating 
rolls were aligned parallel to the short side. The two fields were otherwise similar except 
that the wavenumber of the long rolls in the simulation was somewhat larger. In the 
two-roll structure, the fluid rises along the side walls and descends along the plane of 
symmetry between the rolls. Mukutmoni and Yang (1992) concluded that the rolls par- 
allel to the long side are stable below a Rayleigh number of 20,000 in water. The flow 
eventually was seen to undergo two separate bifurcations and become oscillatory. 

In an earlier work, Mukutmoni and Yang (1991) reported the transition from long 
rolls to short rolls in their simulated results that was carried out between Rayleigh 
numbers of 24,000 and 26,000^. Finite perturbations were required for the transition 
to take place. For finite perturbations, the Rayleigh number of the fluid was increased 
abruptly to a very high value and then brought back to the original state. Physically, 
this means that the fluid was suddenly heated from the boundary and then cooled. 
This ‘quenching’ operation has been used by Giglio et al. (1981) in their experiments. 
Their interpretation was that if this approach was not used, the rectangular cell pattern 
consisting of long rolls was quite stable and no transition occurred. Mukutmoni and Yang 
(1992) thus concluded on the basis of above studies that long rolls are akin to a metastable 
state and could become unstable not to infinitesimal but to finite disturbances. 

Koizumi and Hosokawa (1996) studied the effect of side-wall temperature on the 
flow pattern of Rayleigh-Benard cells in a rectangular enclosure. Both experiments and 
numerical computations were performed. The aspect ratio of the cavity was taken to 
be 6.0. Experiments were carried out with air as the working fluid at Rayleigh number 
(Ra) mainly at 8,000, but a few of them were carried out at Ra=16,000 to investigate the 
effect of a changing Rayleigh number. For the experiments, two enclosures, [A] and [B], 
of equal size, but different side- wall structure were designed and fabricated. In enclosure 
[A], the side walls were constructed with four 10 mm thick copper plates, each being 
independently heated. The bottom wall had an identical structure as the side walls. 
The top wall, which was composed of an acrylic sheet 2 mm thick, was cooled with 
water. In enclosure [B], the bottom and top walls were similar to the structure of [A]. 
The side walls were constructed using four water-tanks made of a transparent acrylic 
sheet 2 mm thick. For flow visualization in the enclosures, an incense smoke was used as 
a tracer. The authors found that at Ra=8000, there are four types of flow patterns: four 
roll-cells in region I, five rolls in region II, six roll-cells in region III with axes parallel 
to the short side- walls (short rolls), and two roll-cells in region IV with axes parallel 

^long and short rolls refer to those whose axes are respectively parallel to the long and short sides 
of the cavity. 
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to the long side-walls (long rolls). At the higher Rayleigh number of 16,000, only two 
types of flow patterns were obtained; four short or transversal rolls in region I and long 
or longitudinal two-roll structure in region IV. These roll-cells at Ra=8000 and 16,000 
were steadv, reproducible, and stable against disturbances. The authors concluded that 
the flow pattern consists of a steady, even or odd number of roll-cells with axes parallel 
to the short or long side of the enclosure at all side- wall temperatures below a Rayleigh 
number 16,000. 

With regard to the orientation of the rolls, the research described above shows that 
the rolls are generally parallel to the shorter side of the cavity in a small aspect ratio 
rectangular container. At the same time, the possibility of realizing stable long rolls 
aligned parallel to the longer side cannot be ruled out. This has been numerically and 
experimentally documented in the literature both at small as well as intermediate aspect 
ratio containers. 

Muralidhar et al. (1996) studied transient convection in a two dimensional square 
cavity. The fluid considered was air. Rayleigh numbers in the range of 10^ to 10*’ were 
employed. The cavity had a width of 74 cm and the aspect ratio of the cross-section 
was unity. The horizontal surfaces were developed using brass sheets. The vertical side 
walls employed were made of a low thermal conductivity material such as perspex. The 
isothermal conditions on the brass sheets were obtained by flowing water at constant 
temperature through them. A Mach-Zehnder interferometer was employed to map the 
thermal field. These experiments showed that the flow was mostly bicellular during the 
early transient period whereas it became unicellular at steady state. The Nusselt number 
in the cavity was found to be a maximum at the steady state. The associated thermal 
field was found to be symmetric with respect to the vertical axis at the lowest Rayleigh 
number studied, namely 8.79 x 10'^. The symmetry was lost at higher Rayleigh numbers. 
The growth rate of Nusselt number when the flow approaches steady state from the 
transient was not uniform. The initial growth in Nusselt number with time was seen to 
be rapid followed by a slow transient till the Nusselt number stabilized at steady state at 
its maximum value. This was explained in terms of the boundary layer near the hot and 
cold walls of the cavity during the initial stages. The corners of the cavity were found to 
be region of high heat transfer for short times but regions of low heat transfer at steady 
state. 

Application of computerised tomography for measurements in heat and mass trans- 
fer has been a topic of research over the past decade. Many authors have reported the 
three-dimensional reconstruction of thermal fields using the tomographic algorithms. 
Mayinger (1994) has reviewed different optical measuments techniques and application 
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of tomographic algorithms to evaluate three dimensional fields. 

Mishra et al. (1999-2000) in a series of papers, reported an experimental study 
of Rayleigh- Benard convection in an intermediate aspect ratio box that was square in 
plan. An intermediate range of Rayleigh numbers was considered in the study. The 
fluid employed was air. A Mach-Zehnder interferometer was used to collect the line-of- 
sight projections of the temperature field in the form of interferometric fringes. Images 
were recorded after a sufficient time had elapsed for the initial transients to have been 
eliminated. Interferograms were collected from four to six view angles. These are used 
to obtain the three dimensional temperature field inside the cavity by using tomography. 
An algebraic reconstruction technique was used for the inversion of the projection data. 
The convergence of the iterative inversion procedure was unambiguous and asymptotic. 
The reconstructed temperature field with a subset of the total data was found to be 
consistent with the remaining unused projections. 

Mishra et al. (1999-2000) presented results for three Rayleigh numbers, namely 
13900, 34800 and 40200. These were found to correspond to two distinct flow regimes. 
At these Rayleigh numbers, a well-defined steady state was not observed. At the lower 
Rayleigh number, the fringes away from the wall showed mild unsteadiness. At the 
higher Rayleigh number, the fringes were found to switch between two patterns. Results 
for the dominant mode were presented for this experiment. At a Rayleigh number of 
13900, three dimensional flow structures, whose influence is equivalent to longitudinal 
rolls were observed. At Rayleigh numbers of 34800 and 40200, the flow was seen to be 
organised in the form of cubic cells. The associated flow pattern was inferred to be a 
plume rising from the heated plate. The local Nusselt number variation was consistent 
with the observed flow patterns for all the Rayleigh number studied. Mishra (1998) has 
summarized the flow transitions in the fluid layer with increasing Rayleigh number based 
on the work of other researchers as well as his own. This summary is shown in Figure 
2.3. 


Most recent studies on one-layer convection in the Rayleigh-Benard configuration 
are based on the fluid working at a very high Rayleigh number wherein the flow regime 
is invariably turbulent. Krishnamurti (1998) has reported a locally time-periodic flow 
in Rayleigh-Benard convection in the range of Rayleigh number of 10^ to 10®, Prandtl 
number of 7, and an aspect ratio of 12. The time periodicity is associated with organized 
clusters of tilted plumes travelling steadily across the fluid layer. A scavenging plume 
model was presented by the author in which a prior passage of a plume depletes the 
thermal boundary layer in a history-dependent way. The boundary layer is very thin 
where the plume has just passed, but has had time to thicken where the plume passed 
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Figure 2.3: Summary of Flow Transitions in Rayleigh-Benard Convection, after Mishra 
(1998). 
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some time ago. Thus at any instant of time, there was a thermal boundary layer of 
varying thickness, and the pressure gradient in it drives flow towards the thicker regions. 
There was then a shear and a vertically downwards gradient of momentum flux at the 
wall. The boundary layer was anticipated to erupt when its thickness reached a critical 
value. Assuming that the interior momentum flux was entirely by Reynolds stresses, and 
matching the interior and the boundary layer fluxes of heat and momentum, the author 
determined the time scale of periodicity. The estimate was shown to be in reasonable 
agreement with the experimental observations. 

Manga et al. (1999) have performed experiments, in which a layer of fluid was 
heated from below and cooled from above, in order to study convection at higher Rayleigh 
and Prandtl numbers. The working fluid, corn syrup, has a viscosity that depends 
strongly on temperature. Viscosity within the fluid layer varied by a factor of 6 to 1.8 
xlO^ in the experiments. A total of 28 experiments were performed for Rayleigh numbers 
in the range from 10^ to 10® and Prandtl numbers in the range from 10® to 10®. As the 
Rayleigh number increased above 10®, flow changed from steady to a time-dependent 
behaviour. As the Rayleigh number increased further, large scale flow was gradually 
replaced by isolated rising and sinking plumes. At a Rayleigh number greater than 10^, 
there was no evidence of any large scale circulation, and flow consisted only of plumes. 
Plumes were seen to have mushroom-shaped “heads” and continuous “tails” attached to 
the respective thermal boundary layers. The characteristic frequency for the formation 
of these plumes was consistent with a Ra^^® scaling. The authors have also reported that 
the Nusselt number (Nu) at high Rayleigh number was lower than that expected, based 
on the extrapolation of low Rayleigh number experimental data; at the highest Rayleigh 
number, the equivalent Reynolds number approaches unity. The authors have suggested 
that the reduction in the Nusselt number was the result of inertia decreasing the speed 
of the ascending and descending thermals, and thus the rate of advective heat transport. 


Theerthan et al. (2000) performed experiments in turbulent free convection in a 
horizontal fluid layer above a heated surface. Experiments were carried out above a 
heated surface to obtain the planform structure and the heat transfer characteristics. 
Water was the working fluid and the range of the flux Rayleigh number^ covered was 
3 X 10^ - 2 X lO’-®. The experimental conditions corresponded to Rayleigh-Benard 
convection, with either the top water surface open to atmosphere or covered with an 
insulating plate, and with an imposed external flow over the heated boundary. The 
visualization of the planform was carried out using an electro-chemical dye technique. 


‘*The flux Rayleigh number is defined as Ra = 
boundaries. 


UOl 


and is useful for prescribed heat flux 
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Without the external flow, the planform was one of randomly-oriented line plumes. At 
a large Rayleigh number and a small aspect ratio, the line plumes seemed to align along 
the diagonal, presumably due to a large scale flow. The side view showed inclined 
dyelines, again indicating a large scale cross-flow. When the external flow was imposed, 
the line plumes clearly aligned in the direction of the external flow. The nondimensional 
average plume spacing, Ra>,^/^ varied between 40 and 90. The heat transfer rate, for all 
the experiments conducted, were represented as Raa“''^^, where 6 is the conduction layer 
thickness. It was seen to vary only between 0. 1-0.2. The results showed that in turbulent 
convection the heat transfer rates were self-similar for different boundary conditions. 

In continuation with the studies on turbulent Rayleigh-Benard convection Cha- 
vanne et al. (2001) have experimented with helium (He) at a low temperature. This 
allowed the Rayleigh number (Ra) to be raised to 2 xlO^^, while the Prandtl number 
(Pr) was slightly larger than 0.7. Density changes continued to be small enough for the 
Boussinesq approximations to remain valid. The authors have concluded through the 
calorimetric measurements that departure from the 2/7 regime occurs above Ra = 10^^ 
toward a new regime where heat transfer is enhanced. Prom measurements of two nearby 
thermometers, the change was traced to a laminar-turbulent transition of the velocity 
boundary layer induced by the large-scale flow near the walls of the cell. The experi- 
mental data showed that the thermal boundary layer lies within the viscous sublayer of 
the turbulent boundary layer. 

The literature review on one-layer convection reveals considerable complexities of 
Rayleigh-Benard convection. Issues addressed include roll alignment, loss-of-roll phe- 
nomena, stability criteria for unsteadiness, three dimensionality of the temperature field 
and turbulence in the flow field. The essential characteristics of one-layer convection 
help in understanding the flow characteristics of two-layer convection in a confined cav- 
ity. The present thesis is an experimental study of convection in superposed horizontal 
fluid layers confined in rectangular and axisymmetric cavities. The following section 
reviews the literature on two-layer convection, from this perspective. 


2.2 Two-layer convection 


Two-layer convection is an interesting transport process to study, for reasons both the- 
oretical and practical. Theoretically, the problem is one of nonlinear dynamics with a 
wide range of parameters. This includes ratios of the properties of the fluids, the total 
depth of the layer and the depth fraction of one fluid. Some of the important applications 
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of two-layer convection can be seen in the model for convection in earth’s mantle and 
liquid-encapsulated crystal growth. 

Two-layer convection differs from that in a single layer mainly in terms of the 
appearance of an interface. In the absence of an interface, single fluid convection is 
driven solely by the gravitational field through the mechanism of buoyancy, leading 
to Benard convection. Inclusion of an interface means that additional factors such as 
surface tension gradients also determine the onset conditions as well as the planform of 
the convective flow. Fluid motion driven solely by surface tension gradients is known as 
Marangoni convection. When a temperature difference is applied across a liquid layer 
with a free surface, convection can be initiated by two mechanisms: Marangoni (gradients 
in interfacial tension) and Benard (gradients in density)^. Interfacial tension gradient- 
driven convection is caused by the variation of interfacial tension with temperature. 
It can occur when the liquid is heated from above or from below. Buoyancy-driven 
convection occurs only when the fluid, with a negative thermal expansion coefficient, is 
heated from below. Dynamic viscosity acts in a manner that dissipates the kinetic energy 
of the convective flow. At the same time, thermal diffusivity leads to an equalization of 
density in the fluid medium and a reduction in the buoyancy potential. The configuration 
of differentially heated superposed fluid layers leads to a modified form of the original 
Rayleigh-Benard problem, in which a larger number of factors determine the flow pattern. 

An important criterion that differentiates two-layer from one-layer convection is the 
flow coupling mechanism established at the interface. In a two-layer system, Rayleigh- 
Benard convection is characterized by two distinct modes of flow coupling between the 
fluid layers. These are respectively called thermal and mechanical coupling. Thermal 
coupling is identified as the situation where vorticity has the same sign on both sides 
of the interface. Mechanical coupling is characterized by opposite signs of vorticity on 
either side of the interface. This is possible if shear develops in a very thin region along 
the interface. 

Despite the numerous interesting features of two-layer convection, there are diffi- 
culties that are in part responsible for the fact that it did not receive sufficient attention 
in earlier years. First, there is the high-dimensional parameter space of the problem. 
This has made it difficult to gain an overview over the manifold of solutions of the linear 
problem. Convection in a single layer of a Boussinesq fluid is governed by two dimen- 
sionless parameters, the Rayleigh and the Prandtl number, of which the latter drops out 
from the linear version of the problem. In contrast, of the order of ten non-dimensional 

^Buoyancy driven convection in a differentially heated fluid layer is variously known Benard, 
Rayleigh and Rayleigh-Benard convection. 
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parameters may be important in the two-layer problem. Some of those parameters, such 
as tlie Marangoni number for the interface can be eliminated from the problem by the 
consideration of special limits. 

Only a very small region of the parameter space is accessible in laboratory exper- 
iments. The experimental difficulties are compounded by the fact that there are few 
combinations of liquids that are truly immiscible, In most cases some diffusion of mate- 
rial occurs across the interface and the experiments have to be carried out in such a way 
that the time scale of the dynamic processes is short in comparison with time scale of the 
change of properties by the effects of diffusion. Nevertheless, there are a number of in- 
teresting features that can be realized in the laboratory. Examples are the flow coupling 
mechanism at the interface and the interface deformation with a change in temperature 
difference across the cavity. Careful measurements are highly desirable, especially with 
respect to nonlinear effects which are not amenable to simplified theoretical analysis. 


2,2.1 Theoretical aspects of two-layer convection 

The phenomenon of cellular convection discovered by Benard (1901) has attracted the 
attention of many researchers. A fundamental theoretical paper is that of Rayleigh 
(1916). who associated instability with buoyancy resulting from the expansion of a heated 
fluid. Later, other w^orkers have extended and refined Rayleigh’s analysis to superposed 
fluid layers. In all these treatments the agency causing instability has been buoyancy. 

Pearson (1958) neglected buoyancy but offered a new explanation for the onset of 
instability. The author showed that if the upper surface was free, then Benard-type cells 
could be produced by tractions arising from the variation with temperature of surface 
tension. It was argued that in many of Benard’s experiments the cells observed must 
have been due to a surface-tension effect rather than buoyancy. The analysis involved a 
more complicated set of boundary conditions, but a simpler differential equation system, 
than the corresponding formulation based on the Rayleigh number. Surface tension was 
assumed to be a linearly decreasing function of temperature and the deficit of surface 
tension force between two points on the interface was balanced bv shear forces. Gravity 
was ignored and therefore density-gradient effects, and the effect of the superposed fluid 
did not contribute to the final solution. In addition the interface was assumed to be flat 
(undeformed) and the heat-transfer coefficient on the upper surface was assumed to be 
independent of the convective motion. 

Nield (1964) studied the surface tension and buoyancy effects numerically in cellu- 
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lar convection. The buoyancy and surface tension effects were jointly considered. Linear 
perturbation techniques were applied to derive a sixth-order differential equation subject 
to six boundary conditions. A Fourier series method was used to obtain the eigenvalue 
equation for the case where the lower boundary was a rigid conductor and the upper 
free surface was subject to a general thermal condition. In the discussion, the author 
predicted that since the critical Marangoni number decreases with an increase in the 
Rayleigh number, the two agencies causing instability reinforce each other. It was con- 
cluded that the two agencies namely buoyancy and surface tension reinforce each other 
and are tightly coupled when the free surface is insulating. When the free surface was 
conducting, the coupling was weak. It was observed that the cells formed by surface 
tension are approximately the same size as those formed by buoyancy. Since Marangoni 
number contains a factor of d? while Rayleigh number depends on d being the layer 
height, it was expected that surface tension would become more important for thin layers 
of the liquid® . 

The problem of convection in two superimposed layers of immiscible liquids has 
attracted considerable attention because of the possibility of Hopf bifurcation. This 
denotes the transition from a motionless state to either a pair of travelling or a single 
standing wave. A single layer of fluid heated from below becomes unstable only through 
a monotonically growing instability, but the possibility of overstable oscillations cannot 
be excluded in two superimposed layers. 

Busse (1981) has examined the onset of linear nonoscillatory instability of the 
arrangement where the unperturbed fluids are static and lie in two layers of unequal 
thickness with a flat horizontal interface. In particular, the focus was on the range of 
parameters pertinent to a model of mantle convection in which the two layers represent 
the upper and lower mantles. The depth of the upper mantle is small compared with 
that of the lower mantle. It was concluded that the horizontal scale of convection in the 
lower mantle can determine a horizontal scale of flow in the upper mantle. Hence, it is 
possible that the horizontal scale of convection in the upper mantle may not necessarily 
indicate the depth of convection in this layer. In numerical analysis, the author did not 
consider distortion at the interface and excluded time-periodic motions. 

Two-layer convection has been studied in a cylindrical geometry by quite a few 
authors, mainly due to its application to crystal growth. Here the melt is placed in 
a crucible, cylindrical in shape and the grown crystal is drawn from it. The top layer 
corresponds to the encapsulant floating over the liquid alloy. 

®This dependence on the layer height assumes one of the boundaries to be of the constant flux type. 
For isothermal surfaces, Marangoni and Rayleigh numbers depend on d and d^ respectively. 
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Vrentas et al. (1981) applied a linear theory with some aspects of a nonlinear 
analysis to study jointly the surface tension-driven and buoyancy-driven convection, 
These studies were carried out in a bounded cylindrical geometry with a free surface 
configuration for a range of aspect ratios and Nusselt numbers. The aspect ratios (with 
the horizontal dimension as the radius of the cylinder) were chosen in the range of 0.5 
to 20, while the Nusselt number range was 0.01 to 100, The top free surface of the 
vertical cylinder was in contact with an inviscid gas phase. The other objective of the 
study was the development of a somewhat different method for analyzing free convection 
problems. This method involves the use of Green’s function to reduce the problem to 
the solution of an integral equation. The following assumptions have been adopted in 
the analysis for studying thermal convection in the axisymmetric configuration: (a) the 
gas phase is inviscid and the liquid phase is a one-component Newtonian fluid; (b) the 
surface phase is an ideal surface liquid with mechanical properties determined solely by 
the surface tension; (c) all physical properties with the exception of density and surface 
tension are constant; (d) there is no mass transfer between the gas and liquid phases; (e) 
viscous dissipation is negligible; (f) the standard Boussinesq approximation is introduced 
so that the surface tension and the density in the body force term are linear functions 
of temperature; (g) the Prandtl number of the liquid is infinity; (h) the surface tension 
is sufficiently high so that deformation of the free surface is negligible, and it is possible 
to assume that the interface is effectively fiat; (i) the velocity and temperature fields are 
axisymmetric. 

Vrentas et al (1981) have determined the values of the critical Marangoni and 
Rayleigh numbers ((Ma)o and (Ra)o) at the first bifurcation point, as functions of the 
Nusselt number and aspect ratios. The simplicity of the eigenvalues implies that they 
are bifurcation or branch points for the system. At a given value of Nusselt number, 
there is a general reduction of both (Ma)o and (Ra)o with increasing aspect ratio, and 
as much as nearly an eight-fold drop was observed for the considered cases. This effect 
was of course expected since the lateral wall can severely inhibit convective motion and 
thus have a stabilizing effect. The effect of the side wall diminishes along with an 
increase in the Nusselt number for both Marangoni and Rayleigh problems. Vrentas et 
al (1981) claimed their results to be the first comprehensive computations for the free 
surface geometry. Their simulation for the Marangoni problem shows that only radial 
rolls appear in the container and there is no vertical stacking of the cells at the first 
bifurcation point. Thus the number of rolls gives a representative picture of the nature 
of the cellular motion. For buoyancy-driven convection, there was no vertical stacking 
of rolls for the higher order bifurcation points. The authors have concluded that it is 
preferable to study cellular convection in geometries with small aspect ratios (less than 



2.2 Two-layer convection 


35 


about 4). This is to avoid the possibility that more than one solution may be observed 
owing to the inevitable thermal fluctuations present in the physical systems. 

Renardy and Joseph (1985) performed a linear stability analysis in a two-dimensional 
Benard problem with two layers. The fluid layers lying between infinite parallel plates 
were heated from below. The study concentrated on the Benard problem without the 
Marangoni effect and showed that the equations were not self-adjoint. For the fluids, 
Boussinesq approximation^ was adopted. Renardy and Joseph (1985) have provided a 
theoretical proof that demonstrates that the onset of convection can occur through an 
oscillatory instability if the deformation of the interface is considered. Also, the two flu- 
ids can have time-periodic solutions near criticality. Thus the system can lose stability 
to time-periodic disturbances. It has been shown numerically that when the viscosities 
and coefficients of volume expansion of the fluids are different, a Hopf bifurcation can 
occur, resulting in a pair of travelling waves or a standing wave. This result may have 
an application in the modeling of convection in the earth’s mantle. 

The geometry other than axisymmetric, studied by many authors for the two-layer 
convection problem is a cavity rectangular or square in plan. 

Dijkstra et al (1992) numerically studied the structure of cellular solutions in 
Rayleigh-Benard-Marangoni ffows in small-aspect ratio containers. The problem ad- 
dressed was to identify pattern selection for flows driven by surface-tension gradients 
at the onset of instability. The geometry was such that interface deformations were 
small but Marangoni convection was significant, in addition to buoyancy effects. Tech- 
niques of numerical bifurcation theory were used to study the multiplicity and stability 
of two-dimensional steady flow patterns (rolls) in rectangular small-aspect-ratio contain- 
ers. Owing'to computational limitations, the problem was restricted to two-dimensional 
containers. Though the basic flow is three-dimensional, two-dimensional results give an 
insight into the processes that govern convection dynamics in confined flows and are a 
necessary starting point for any three-dimensional calculation. Dijkstra et al. (1992) 
have modeled a two-dimensional container which was partially filled with a Newtonian 
viscous liquid. An ambient gas surrounds the liquid at its top. The temperature of 
the gas far away from the gas-liquid interface was To*. The lower wall was heated to 
a temperature of TT. The sidewalls were assumed to be perfectly insulated. Due to 
a vertical temperature gradient established over the layer, heat is transferred from the 
liquid to the gas. Boussinesq approximation was applied to the liquid phase. It was 
assumed to be an incompressible fluid, while density varied with temperature alone. For 

^This calls for all the fluid properties to remain constant with temperature, except density in the 
gravity term of the Navier-Stokes equations. 
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pure iMarangoni flows at moderate Biot and Prandtl numbers, the transitions occurring 
when paths of codimension 1 singularities intersect determine to a large extent the mul- 
tiplicity of the stable patterns. These transitions lead to Hopf bifurcations and stable 
periodic flows over a small range of aspect ratios. The authors have also considered the 
effect of sidewalls on the multiplicity of stable and unstable patterns. The influence of 
the no-slip sidewalls with that of slippery sidewalls have been compared. The following 
were the reported observations: (i) The critical Marangoni numbers at onset are larger 
for no-slip sidewalls and therefore the no-slip condition stabilizes the conduction solu- 
tion. (ii) Transcritical primary bifurcation points occur in the no-slip case when an even 
number of cells branch off. All bifurcation points are of pitchfork type for slippery side- 
walls because of the break in the additional translational symmetry. Hence, subcritical 
convection is absent for slippery sidewalls, (iii) The double points at onset, where two 
inodes compete, occur at a larger aspect ratio in the no-slip case, (iv) The multiplicity of 
stable patterns is smaller in the no-slip case. This is due to the occurrence of additional 
limit points and closed branches. Finally, the no-slip lateral walls lead to hysteresis ef- 
fects and typically restrict the number of stable flow patterns through the appearance 
of saddle node bifurcations. In this way no-slip sidewalls induce a selection of certain 
patterns, which through secondary bifurcation lead to the largest Nusselt number. 

During solidification of electronic materials, thermal convection within the melt 
may cause undesirable crystallographic inhoraogeneties in the solid phase. The tech- 
nique of liquid encapsulated crystal growth has been used to reduce component evapo- 
ration and thus non-stiochiometric solidification within the melt, with the ultimate goal 
to produce defect-free mono-crystalline electronic material. In this connection, Prakash, 
Koster and co-workers have published a series of papers on multilayer and thermocap- 
illary convection. These studies have been carried using numerical simulation, and are 
described below. 

Doi et al. (1993) studied thermo capillary convection in two immiscible liquid layers 
with one free surface and a liquid/liquid interface. Differential heating was applied 
parallel to the interfaces. An analytical solution was introduced as an initial condition 
lor infinite horizontal layers. The defining parameter for the flow pattern was A, the ratio 
of the temperature coefficients of the interfacial tension and the surface tension. Four 
different flow patterns were seen to exist under zero gravity conditions. Halt conditions 
which stop the fluid motion in the lower liquid layer that is encapsulated were found. 
A numerical experiment was carried out to study the effect of vertical end walls on the 
double layer convection in a two-dimensional cavity. The halt condition obtained from 
the analytical study was found to be valid in the limit of small effective Reynolds number. 
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The flow in the encapsulated liquid layer could be substantially suppressed. 

Prakash et al. (1993a) presented their studies of convective flow in a three layer 
liquid system with rigid upper and lower boundaries. The middle liquid layer was en- 
capsulated on both sides by immiscible liquids, and featured two interfaces. The driving 
mechanism for convective flow were the two interface tension gradient forces and buoy- 
ancy. To study mechanical coupling across interfaces between immiscible liquids, the 
influence of varying encapsulant layer viscosity and height was investigated, both in ter- 
restrial and low gravity environments. Regions of distinct flow patterns were identified. 

Prakash et al. (1993b) studied convective flow with surface tension and buoyancy 
effects in a liquid layer with two horizontal interfaces. The flow resulted from the inter- 
action of two forces of interface tension of different magnitude in the horizontal direction 
with additional buoyancy forces acting perpendicular to the interfaces. To study the 
contribution of buoyancy on the convective flow, the gravity level perpendicular to the 
interfaces was varied from microgravity level to earth gravity and beyond to high grav- 
ity. This created a fluid mechanical system where buoyancy forces of variable strength 
could augment or oppose interfacial tension driven convection. Regions of distinct flow 
patterns were again identified. 

Prakash et al. (1994a) considered the problem of convective flow in three immiscible 
liquid layers. The layers were enclosed in a shallow rectangular cavity that is differentially 
heated with rigid and insulated upper and lower boundaries. As a model for multiple 
layers, a three-layer system featuring two non-deformable interfaces was investigated. 
The method of matched asymptotic expansions was used to determine the flow in the 
two distinct regions; the core region characterized by parallel flow; and the end-wall 
regions where flow turns around. The driving mechanism for convection was buoyancy. 
To study mechanical coupling across interfaces between immiscible liquids, the influence 
of varying encapsulant viscosity was investigated. 

Prakash et al. (1994b) studied convection in multiple immiscible liquid layers with 
deformable interfaces. The fluid layers were confined in a shallow rectangular cavity with 
rigid and insulated upper and lower boundaries. The three-layer system was once again 
considered as a model for multiple liquid layers. The middle layer was encapsulated on 
both sides by immiscible liquids, and featured two deformable interfaces. The method 
of matched asymptotic expansions was used to determine the flow in the two distinct 
regions: the core region characterized by parallel flow; and the end- wall regions where 
flow turns around. Interfacial tension gradients induced by differential heating of the 
cavity led to fluid flow. Mechanical coupling across interfaces between immiscible liquids 
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was investigated by varying the encapsulated viscosity and the height of encapsulant 
layers. 

Prakash et al (1994c) presented the results from an analytical study of thermocap- 
illary convection in an immiscible three-layer liquid system. The liquids were confined 
in a box. In the absence of gravity, two parallel interfacial tension gradients drive the 
flow. Thermocapillary flow in select combinations of immiscible liquids were analyzed 
in support of a space flight experiment aboard the Second International Microgravity 
Laboratory (IML-2). 

Burkersroda et al. (1994d) investigated the variation of interface tension with 
temperature on thermo capillary flow in a microgravity environment. Measurements of 
surface and interface tension coefficients as a function of temperature for various silicone 
oil and fluorinert liquid combinations were reported. The measurements were compared 
with theoretical estimates obtained from Antonow’s rule and from a method proposed 
by Girifalco and Good. 

Prakash and Koster (1996a) further pursued studies on thermocapillary convection. 
The authors studied analytically a two-dimensional layer of GaAs which is symmetrically 
encapsulated by liquid B2O3. The unknown interface tension gradient between B2O3 
and GaAs was parameterized, and its influence, along with the influence of varying 
encapsulant thickness on flow in the GaAs melt was investigated. A thinner B2O3 layer 
was found to be more efficient for reducing flow in the GaAs melt. 

Koster and Nguyen (1996) studied natural convection in two immiscible liquid lay- 
ers with density inversion present in the lower layer. Their objective was to evaluate 
numerically the flow pattern and heat transfer when the density inversion temperature 
had a value between the hot and the cold side wall temperatures. The two immiscible 
fluids were silicone oil (2 cSt) on top of the density inversion fluid, namely water. The 
two fluids were enclosed in a rectangular box having a cavity aspect ratio of 2. The 
aspect ratio of individual layers was unity. The right wall was cold with a temperature 
Tc that was kept constant and fixed below the density inversion point. The left wall was 
heated to T^, and kept at, or above, the density inversion temperature. The tempera- 
ture difference between the side walls was increased by increasing the temperature Th- 
The horizontal top and the bottom walls were thermally insulated. Simulation for the 
double layer problem was carried out on the commercial finite element computer code 
FIDAP. Interface deformation was considered to be so small that it was neglected in the 
discussion. The authors concluded from their results (Figure 2.4) that the two layers 
were viscously as well as thermally coupled. Two counter-rotating natural convection 
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rolls of opposite vorticity developed when side wall temperature in the density inversion 
fluid was above and the other below the density inversion temperature. In contrast, 


K. — 1 j AT — 3 K. R — 0.60; AT — 5 K R “ 0.43; AT *= 7 K R "= 0.33; AT *= 9 IC 



Figure 2.4: Streamline (top) and temperature (bottom) contours at various temperature 
gradients, after Koster and Nguyen, 1996. 

only one roll cell develops in a liquid layer with Boussinesq properties. Viscous coupling 
between the two immiscible layers strengthened the roll with opposite vorticity in the 
density inversion layer. At large Rayleigh numbers the flow patterns in the water layer 
were seen to become very complex. The largest heat transport occurred in the upper 
layer. The two-roll pattern in the water layer was seen to impede the total horizontal 
heat transfer. A vertical heat transport mechanism existed across the interface from the 
density inversion layer into the encapsulating upper layer. The moving interface between 
the immiscible liquids improved the heat transfer in each layer when compared to the 
differentially heated cavity of Rayleigh-Benard convection. 

Dauby and Lebon (1996) studied Benard-Marangoni convection in a three-dimen- 
sional rectangular container with rigid lateral walls. It was assumed that the upper 
surface of the layer was flat and non-deformable and that the lateral walls were thermally 
insulated. The authors considered both linear and nonlinear analyses. The dependence of 
the results of linear analysis on non-zero Rayleigh and Biot numbers was also examined. 
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111 the nonlinear study, the Rayleigh and Biot numbers were fixed to zero and the Prandtl 
number was equal to 10“^ (silicone oil). The basic equations were derived assuming a 
thin viscous layer filling a rectangular container at its boundaries. The thickness of 
the layer was equal to d and the length and width of the container were aid and a^id 
respectively (oiand a 2 being the aspect ratios). The surface tension at the upper surface 
was assumed to be temperature dependent. The fluid was heated from below. The 
bottom of the box was rigid and perfectly heat conducting. A spectral tau method 
was used to determine the critical Marangoni number (Mac) and the convective pattern 
at the threshold as functions of the aspect ratios of the container. For Ra = Bi =0, 
the calculations were performed for aspect ratios varying by discrete steps of 0.2. The 
critical Marangoni number was seen to be a globally decreasing function of the lateral 
dimensions of the container. When both Ui and 02 became greater, Mac tended to 79.607, 
the value found for an infinite box. Dauby and Lebon (1996) have also provided a general 
overview on convection in ‘actually’ rectangular containers (ai and 02 being different). 
The dimensions (ui, 02 ) = (3.2, 1.5) of the rectangular box enabled the authors to study 
the nonlinear evolution of a unique roll parallel to the longer sides of the box. The other 
two boxes [(flt, a 2 ) = (5.4, 3.2) and (oi, a^} = (6.6, 3.2)] were selected to study the 
competition between three or four rolls parallel to the shorter sides and the two rolls 
parallel to the longer ones that were nearly unstable at the threshold. The cavity (oi, 
02 ) = (6'6, 5.2) showed the evolution of four linearly unstable rolls parallel to the shorter 
sides when three rolls parallel to the longer sides were nearly critical at Ma = Mac. 

The onset of flow from a quiescent state, when a layer of fluid is heated from below 
with an upper free surface, is one of the classical stability problems of fluid mechanics 
and the subject of many investigations. Zaman and Narayanan (1996) presented their 
findings on pattern formation at the bifurcation point starting from the quiescent state 
for free surface convection in a circular container. The problem of pattern formation as 
affected by side walls is strongly associated with crystal growth by the Bridgman tech- 
nique. The aspect ratio keeps changing during crystal growth on account of a moving 
interface. The other reason of the research was to perform detailed numerical calcula- 
tions that examine the splitting of solutions and generation of cascaded bifurcation as 
the aspect ratio of the containers increase. Zaman and Narayanan (1996) modelled the 
physical system as consisting of a right circular cylinder having liquid (oil) underlying 
a gas (helium or air). The lower solid boundary was at a constant temperature To and 
the upper solid surface was at a temperature of Ty. The temperature of the interface 
in the conductive state was T,-. The thermal conditions on the side walls were specified 
to be either perfectly insulating or perfect conducting. For the conduction case, the 
conductivity of the side walls was set equal to that of the liquid. Boussinesq form of 
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the continuity, Navier-Stokes, and energy equations were used for the simulation of the 
convection problem. The flow pattern at the onset of convection was obtained from the 
calculations. These were determined from the eigen functions while the eigenvalues were 
identified as the critical Marangoni numbers. The Rayleigh and Biot numbers as well as 
aspect ratios and the azimuthal mode m were fixed for a given calculation. Zaman and 
Narayanan (1996) calculated the first three critical Marangoni numbers or bifurcation 
points for the axisymmetric case (m=0) when Rayleigh number is equal to zero, for a 
variety of aspect ratios and Biot numbers of 1 and 100. These results were compared 
with the reported numerical work of Vrentas et al. (1981). For the case of the first bifur- 
cation point for Ma = 0 and Bi = 100, there was a discrepancy for the pure Marangoni 
problem only at small aspect ratios while the comparison for the pure Rayleigh problem 
was very good. Comparing critical Marangoni numbers between the case of insulated 
and conducting side walls, it was seen in nearly all the cases that conducting side walls 
lead to a higher critical Marangoni number. This indicates a greater stability to dis- 
turbances. The authors have also compared their results with the experimental work of 
Koschmieder and Prahl (1990). The critical temperature differences were calculated and 
the corresponding critical Rayleigh and Marangoni numbers were compared with the 
experiments. It was observed that the calculated Marangoni numbers were above the 
experimental values by about 22% (Figure 2.5). The reasons given for this discrepency 
was partly due to the transcritical nature of Rayleigh-Marangoni convection, possible 
imperfections of the side walls, and an uncertainty in the thermophysical properties of 
the fluids considered in the experiments. The other area of comparison was in terms 
of the predicted and the observed flow patterns. The results matched with the experi- 
ments for the aspect ratio of 2.16 while there was a difference for other aspect ratios of 
2.655, 3.295 and 4.145. The principal observation was that narrow containers give rise 
to definite stable patterns at the onset of convection. However, the medium aspect ratio 
containers (aspect ratio >3) show spectral crowding and closed branches. Also, it was 
found that for a large range of aspect ratios the axisymmetric mode (m = 0) was the 
most unstable and that codimension-2 points occur for either large or somewhat small 
(<1.0) aspect ratios®. 

Convection is important in crystal growth from its melt as it will affect the quality 
of the crystal structure and the distribution of the dopants. A cylindrical geometry is 
commonly employed for the liquid-encapsulation crystal growth. In this context, John- 
son and Narayanan (1997) studied the effects of boundaries on bilayer convection in a 
cylinder with idealized boundary conditions. In their mathematical model, a system 


® At codimension-2 points, two flow modes coexist at the smallest Marangoni number. 
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Figure 2.5: Comparison of critical Marangoni numbers versus aspect ratio for various 
modes for the case of Ra = 100 and Bi = 1 in (a) Zaman and Narayanan (1996) with 
the experiments of (b) Koschmieder and Prahl (1990) . 

of two fluid layers was bounded on the top of the upper fluid, and the bottom of the 
lower fluid by rigid conducting plates. The interface between the lower and the upper 
fluids was allowed to deform. The mathematical model of this geometry was bounded 
in the vertical direction by rigid plates, and was taken to be infinite in the horizontal 
direction. The density and interfacial tension for both fluids were assumed to be a lin- 
ear function of the temperature. For solving the governing equations, the Chebyshev 
spectral tau method was used. This method easily incorporates the complicated bound- 
ary conditions and provides the accuracy needed using only a few terms. On applying 
this method, the ordinary differential equations in terms of the coefficients ffenerates an 




2.2 Two-layer convection 


43 


eigenvalue problem. The eigenvalue is the critical Rayleigh number for the transition 
being studied. Johnson and Narayanan (1997) presented their findings by giving the 
qualitative picture of the different ways in which convection can occur in a bounded 
cylinder. The different types of two-layer convection depend upon the layer in which 
the convection is most dominant. The types of convection also depends upon how the 
layer that did not initiate convection responds to the layer that did initiate convection. 
The hierarchy of convection mechanisms has been explained in the study by looking at 
interfacial structures and also by considering the perturbed temperature and velocity 
profiles through the fluid layers. Specific examples of silicone oil-air and glycerol-silicone 
oil have been used to exemplify the arguements. The sidewall conditions posed some 
difficulties in computations; therefore it was assumed that the vertical and tangential 
components of vorticity vanished at the vertical sidewalls. This assumption has allowed 
the results of the unbounded case and the qualitative features as a function of the as- 
pect ratio to be determined. It was observed that the aspect ratio did indeed affect the 
nature of the onset of convection. As the depths of the fluid were assumed constant, 
it was apparent that the change in radius could affect the physics of the flow and the 
flow structures. This was shown in terms of the convection coupling, either thermal or 
viscous to change with the width of the container, even as the height was fixed. Thus, 
as the aspect ratio changed, the convection swiched from viscous coupling, to oscillatory 
flow, and to thermal coupling. This unusual result was explained by the observation 
that a change in the radius changes the aspect ratios of both fluid layers. The energy 
required for each layer to sustain convection changes differently with aspect ratio because 
of differing thermo-physical properties. Moreover, the onset of oscillations and sudden 
pattern changes at the codimension-2 points were observed. 

Marangoni convection is seen in the context of heat or mass transfer across the 
liquid layer (s). If heat or mass transfer occurs in the vertical direction, there exists two 
monotonic modes of Marangoni instability. One mode is caused purely by surface tension 
gradients leading to the formation of a cellular convective structure; deformations of the 
free liquid surface are subservient to this cellular convective motions, and are usually 
negligible. The other mode is connected with deformations of the free surface governed 
by gravity and capillary forces. 

Golovin et al (1997) presented a theory on nonlinear evolution and secondary 
instabilities in Marangoni convection in a two-layer liquid-gas system with a deformable 
interface, heated from below. In the analysis, the effect of buoyancy was neglected, and 
Marangoni convective instability was considered to be predominant. The objective was 
to take into account the convective motion and heat transfer both in the liquid and in 
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tive gas phases. A system of nonlinear evolution equations was derived that describes a 
goMieral case of slow longscale evolution of a short-scale hexagonal Marangoni convection 
pattern near the onset of convection, coupled with a long-scale deformational Marangoni 
instability. Two cases were considered; (i) when interfacial deformations are negligible; 
and (ii) when they lead to a specific secondary instability of the hexagonal convection. 
In the first case, the extent of the subcritical region of the hexagonal convection cells, 
selection of convection patterns - hexagons, rolls and squares - and transitions between 
them were studied. The effect of convection in the gas phase was also investigated. 
Theoretical predictions were compared with experimental observations. The authors 
observed that the liquid Prandtl number and heat transfer between the liquid and the gas 
layers play an important role in the selection between rolls and squares. There was a clear 
tendency for the hexagons-to-squares transition in liquids with larger Prandtl numbers, 
whereas in liquids with a smaller Prandtl number, the hexagons-to-rolls transition was 
seen to occur. Heat transfer in the gas phase also plays an important role in transition 
from hexagons to other patterns. In the second case, the interaction between the short- 
scale hexagonal convection and the long-scale deformational instability, when both modes 
of Marangoni convection were excited, was studied. The authors concluded that the 
short-scale convection suppresses the deformational instability. The latter could appear 
as a secondary long-scale instability of the short-scale hexagonal convection pattern. This, 
secondary instability was shown to be either monotonic or oscillatory, the latter leading 
to the excitation of deformational waves, propagating along the short-scale hexagonal 
convection pattern and modulating its amplitude. 

Results of a linear analysis of convection in confined geometries must tend to Nield’s 
results (1964) corresponding to horizontally infinite domains when the aspect ratio be- 
comes large. In Zaman and Narayanan’s paper (1996), the critical numbers for an aspect 
ratio equal to 8 were within Nield’s values by 1.2% but are smaller than these values. 
Dauby et al. (1997) commented that this was astonishing since side walls should play 
a stabilizing role. Accordingly these authors developed a linear analysis for the coupled 
gravity (Benard) and capillarity driven (Marangoni) instability. They carried out studies 
in a rigid circular container. The fluid assumed to be Newtonian was filled with a layer 
of thickness d in a circular container having radius ad, where a is the aspect ratio. The 
surface tension at the upper free surface was temperature dependent and the fluid was 
heated from the below. The aim was to develop a computer code which allows one to 
determine altogether the Rayleigh and Marangoni numbers defining criticality. Also, the 
experimental arrangement used by Koschmieder and Prahl (1990) was carefully mod- 
elled. In particular, it was shown that the Biot number in the calculations depends on 
the aspect ratio of the container. A numerical scheme based on the spectral tau method 
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with Chebishev decompositions in both the z and r directions was used in the study. 
The boundary conditions assumed was that the bottom of the box is rigid and perfectly 
heat conducting and the upper surface of the fluid was taken to be free, planar, and 
nondeformable. The lateral side wall was rigid with both conducting and adiabatically 
insulated thermal conditions being modelled. Prom the results, the authors concluded 
that the critical Marangoni numbers for finite boxes were larger than the values cor- 
responding to an infinite domain. This indicates the rigid side walls are stabilizing as 
expected. Also it was noticed that the critical Marangoni numbers for insulating side 
walls are always smaller than for conducting ones. This is due to the fact that a tem- 
perature perturbations arriving at an insulating boundary is reflected towards the bulk 
of the fluid, while it is dissipated near the walls when these are conducting. Because 
of this reason, it was predicted that the conducting side walls give rise to more stable 
systems. Results were also presented for the critical Marangoni number as a function of 
aspect ratio for the case of insulating side walls when Ra = Bi = 0. The aspect ratio was 
varied from 0.5 to 5. It was observed that the critical Marangoni numbers are globally a 
decreasing function of the aspect ratio of the box for the azimuthal wave number range of 
0 to 3. For a Biot number other than zero, the authors concluded that for insulating side 
walls, Mac was not globally decreasing. The reason was that in small aspect ratio boxes, 
the instability is mainly driven by gravity, while in larger boxes, the Marangoni effect is 
dominant and the critical Rayleigh number tends to zero. The authors also presented 
results based on the convective patterns obtained at the threshold. It was observed that 
for very small aspect ratio (0.7), the critical mode was 7n=l, t=0 (radial wave number). 
The convective structure showed an upflow in the right-hand half of the container and a 
symmetrical downflow in the left-hand part. For an aspect ratio of 1.8, the pattern was 
axisymmetric and consisted of a circular roll centered in the middle of the box. For a = 
2.5, the structure was made of three transverse and somewhat deformed rolls. Near a = 
3.4, the pattern was axisymmetric and consisted of two concentric rolls. For a = 4.15, 
the wave numbers were (m,i)=(l,2) and five deformed transverse rolls were displayed. 
In summary, it can be said that an increase in the Rayleigh number lowered Mac but no 
significant variation in the flow pattern was observed. An increase of the Biot number 
made the critical Marangoni number larger since perturbations could be dissipated in the 
upper gas layer. In this case, the cells become smaller as Bi increases but the succession 
of the patterns for increasing aspect ratios remain unchanged. Thus, it was concluded 
that buoyancy and the Biot number were not important for the sequence of eigenmodes 
generated by Marangoni convection. 

Boeck and Thess (1999) studied surface-tension driven Benard convection in low 
Prandtl number fluids by direct numerical simulation. The flow was computed in a 
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three-dimensional rectangular domain with periodic boundary conditions in both hori- 
zontal directions and either a free-slip or no-slip bottom wall. A pseudospectial Fourier- 
Chebyshev discretization was used. Deformations of the free surface were neglected. The 
smallest possible domain compatible with the hexagonal flow structure at the linear sta- 
bility threshold was selected. As the Marangoni number was increased from the critical 
value for instability of the quiescent state to approximately twice this value, the initially 
stationary hexagonal convection pattern was seen to become time-dependent, eventually 
reaching a state of spatio-temporal chaos. For a free-slip bottom wall, the flow remained 
three-dimensional. For the no-slip wall, two-dimensional solutions were observed over 
a range of Marangoni numbers. Beyond the Marangoni number for the onset of iner- 
tial convection in a two-dimensional simulation, the convective flow became strongly 
intermittent because of the interplay of the flywheel effect^ and three-dimensional insta- 
bilities of the two-dimensional rolls. The velocity field in this intermittent regime was 
characterized by the occurrence of very small vortices at the free surface which form as 
a result of vortex stretching processes. Similar structures were found with the free-slip 
bottom at slightly smaller Maxangoni number. These observations demonstrate that a 
high numerical resolution is necessary even at moderate Marangoni numbers in order 
to capture properly the small-scale dynamics of Marangoni convection at low Prandtl 
numbers. 

Biswal and Ramachandra (1999) studied the onset of oscillatory Marangoni con- 
vection in a two-layer system of conducting fluids in the presence of a uniform vertical 
magnetic field. A combination of numerical and analytical techniques were used to ana- 
lyze the effect of the magnetic field and encapsulated layer on the onset of instability in 
a two-layer system. Oscillatory Marangoni instability was possible for a deformed free 
surface only when the system was heated from above. It was observed that the existence 
of a second layer has a positive effect on Marangoni overstability with magnetic field 
whereas it has an opposite effect without the magnetic field. 

Bau (1999) demonstrated numerically that the no-motion state in the Marangoni- 
Benard problem can be controlled. The author showed its possibility by using a simple 
control strategy, wherein one can postpone the transition from the no-motion, conductive 
state to time-dependent motion. The controller delays loss of stability both in the 
case of a non-deforming surface and in the case of a deforming surface when very long 
wavelengths are excluded. In the linear stability analysis, the author assumed that the 
sensors and actuators were continuously distributed. This may not be essential for the 

the amount of energy dissipated per rotation of the roll is much less than the total kinetic energy 
of the fl-uid motion. 
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success of the controller. The proposed control strategy could be implemented in the 
microgravity condition. Here, in the absence of buoyancy, Marangoni convection plays 
an important role in fluid layers of all depths. The author also concluded that the same 
control strategy that delays the onset of Marangoni-Benard convection could be effective 
in suppressing Rayleigh-Benard convection. 

A majority of the authors have presented their work in a cavity containing two fluids 
heated from below, though a few authors including Biswal and Ramachandra (1999) 
presented their study on the fluid layers heated from above. In continuation, Rednikov 
et ai (2000) analysed the motion in a horizontal liquid layer with an undeformable open 
surface heated from the air side. The geometry matched the work described by Nield 
(1964) with the only exception that in their work, the Benard layer was heated from the 
air side or cooled at the lower side. Rednikov et ai (2000) have shown that a Benard 
layer, not too shallow may become oscillatory when it is heated from above or cooled 
from below, due to the joint action of buoyancy and thermocapillary effects. This result 
was obtained when the liquid layer was analyzed with the Boussinesq approximations 
and with a deformable open surface. The critical (negative) Marangoni and (negative) 
Rayleigh numbers start at rather high absolute values for moderate Prandtl number- 
fluids, although achievable in standard experiments on low viscosity liquids such as 
water. The convective heat transport in the air gap overlying the liquid was negligible 
when the air layer was relatively thin. Moreover, surface deformability was relevant 
only for thin, say sub-millimeter, liquid layers, while the Rayleigh-Marangoni instability 
described here was observed for thicker layers in the centimeter range. Marginal stability 
curves have been presented by the authors for Marangoni number as a function of the 
wavenumber when either the negative Rayleigh number or the dynamic Bond number^*’ 
was fixed. The authors have shown that that the marginal stability curves have the form 
of a ‘bubble’ enclosing the region of instability. As the Rayleigh number is increased, the 
bubble grows and rises at higher values of the Marangoni number. As the Bond number 
is increased, the critical wave number shifts from long to short waves. There exists an 
optimum Bond number for which the critical Marangoni number is the lowest. This 
corresponds to the optimal balance between buoyancy in the bulk and the Marangoni 
stresses at the open surface. The instability threshold increases with the increase in 
Prandtl and the Biot numbers. 

Ruediger and Feudel (2000) studied the formation of various patterns in the clas- 
sical Rayleigh-Benard convection in a cylindrical geometry. A low Prandtl number fluid 
was enclosed in a moderate aspect ratio container. The spatial structure of the convec- 


is the ratio of the Rayleigh and Marangoni number. 
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tive dynamics was also examined for moderate Rayleigh numbers. The stability limits 
of targets and spirals^ ^ were determined. The upper stability boundary of targets was 
represented by the focus instability in which the center of the target moves toward the 
boundary and thereby breaks the axisymmetry of the roll pattern. 

Biswal and Rarnachandra (2001) studied Benard-Marangoni convection in a three- 
dimensional container with thermally insulated lateral walls and prescribed heat flux at 
the lower boundary. The upper surface of the incompressible, viscous fluid was assumed 
to be fiat with temperature dependent surface tension. A Galerkin-tau method with 
odd and even trial functions satisfying all the essential boundary conditions except the 
natural boundary conditions at the free surface was used to solve the governing equations. 
The critical Marangoni and Rayleigh numbers were determined for the onset of steady 
convection as a function of the two aspect ratios for the cases of Benard-Marangoni, 
pure Marangoni and pure Benard convection. It was observed that critical parameters 
decreased with an increase in the aspect ratios. The flow structures corresponding to the 
values of the critical parameters were presented in all the cases. It was observed that the 
critical parameters were higher for prescribed heat flux than those corresponding to the 
prescribed temperature. The critical Marangoni number for pure Marangoni convection 
was higher than the critical Rayleigh number corresponding to pure Benard convection 
for a given aspect ratio whereas the reverse trend was observed for the two-dimensional 
infinite layer. 


2.2.2 Combined experimental and theoretical studies in two- 
layer convection 

Buoyancy induced convection in superposed fluid layers has been the subject of numer- 
ous theoretical and experimental investigations over the past two decades. Zeren and 
Reynolds (1972) presented an analytical and experimental study of thermally induced 
instability in horizontal two-fluid layers. A linear stability analysis was carried out for 
two initially motionless, viscous immiscible fluids confined between horizontal isother- 
mal solid surfaces. The authors developed a model to include all the effects which would 
be present in an experiment, in which Marangoni instability is dominant. Their model 
includes the following effects: (i) possibility of instability in one or both fluid layers, (ii) 
combined Benard and the Marangoni effect (buoyancy should have a significant influence 
on stability limits) , (iii) a deformable interface to account for the effect of mean surface 

target, represents a class of convective pattern in the form of concentric roll with focus at the center, 
while spiral indicate the roll in the form of a spiral with specific sense of rotation. 
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tension and (iv) continuity in temperatures and heat fluxes across the interface. Calcu- 
lations were reported for layers of benzene over water with a total depth of 2 mm and 
various water depth fractions. Two heating configurations, namely heating from above 
and below, were utilised for predicting instability in the fluid layers. The response of 
the fluid layers was seen to be strongly dependent on the ratios of the properties of the 
fluids, the total depth of the layer and the depth fraction of one fluid. Three different re- 
sponse modes occurred depending on the fluid depth fractions. These modes are related 
to interfacial tension gradient, buoyancy and surface-deflection. When the heating was 
from above, the buoyancy mechanism was stabilizing for most wave numbers, including 
the critical one. Heating from below lowered the critical Marangoni number and added 
a buoyancy-driven response mode. 

Zeren and Reynolds (1972) also presented their experimental results for the critical 
Marangoni number. Both heating configuration i.e. heating from above and below were 
achieved in the experiments, as in the calculations. Fluid layers consisting of benzene 
over water with a total depth of 2 mm and water depth fractions of 0.40 were enclosed 
in a glass cylinder. The confining plates were made of copper, being electrically heated 
on one side and cooled on the other. Each plate assembly was constructed so that 
either the heated or the cooled plate could be the upper or the lower side of the test 
section. Heat transfer was deduced from the energy balance calculation for the heated 
plate. Both plates were carefully guard heated or cooled as necessary to minimize energy 
losses to the environment. The primary plate temperature difference was measured 
with a four-couple thermopile; additional thermocouples allowed monitoring of the plate 
temperature level and the plate-to-guard temperature difference. It was observed from 
the experiments that no instability was detected in any case for heating from above, 
even though the Marangoni number exceeded the predicted critical value by as much as 
a factor of five. The critical Rayleigh number for heating from below fell between the 
critical values predicted with and without the Marangoni effect. The presence of surface 
contamination was believed to be responsible for the apparent lack of convection when 
heating was from above. Also, surface contamination was responsible for the difference 
between the predicted and measured critical Rayleigh numbers when heating was from 
below. 

Rasenat et al. (1989) investigated theoretically and experimentally the onset of 
convection in two layers of superimposed immiscible fluids heated from below. The 
primary objective of the theoretical analysis was to study completely the linear problem 
at the onset of convection. Owing to a high-dimensional parameter space of the two-layer 
problem, the authors chose parameters that would give interesting dynamical features. 
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A guiding principle of the analysis was the selection of fluid properties that would lead 
to instabilities by overturning motions. It was expected that the corresponding part of 
the parameter space was the most likely one to offer new features. In the mathematical 
formulation, two horizontal fluid layers with the lighter fluid of density p* on the top 
of the heavier fluid with density p was considered. The fluids were assumed to follow 
the Boussinesq approximation. From the analytical results, the authors predicted that 
the onset of convection can occur in the form of both viscously and thermally coupled 
motion. In addition to the oscillatory interfacial instability, which depends on a non- 
vanishing distortion of the interface, there existed oscillatory instability^^ as well, that 
corresponded to a cyclic variation between viscous and thermal coupling. This is because 
it connected the two monotonic branches that describe the onset of convection, with high 
and low wavenumbers predominating in the upper and lower layers, respectively. When 
the distortion of the interface was included, a much richer problem was obtained’-^. 
The results of monotonic bifurcations obtained in oscillatory interfacial instability were 
identical to the oscillatory coupling instability except that they were shifted to slightly 
higher Rayleigh numbers. 

Rasenat et al. (1989) presented the experimental results at the onset of convection 
in layers of immiscible fluids for validating the theoretical predictions. The combination 
of ethylene glycol-oil and ethylene glycol-decane were selected as the fluid layers. The 
reason for this selection was based on miscibility which was less than 0.1%, and of a 
relatively small difference in the adhesion to the glass wall. The experimental test-cell 
was made up of two horizontal rectangular copper blocks forming a channel in between. 
The channel carried the superposed fluid layers that was in turn heated from below 
(electrical heating) and cooled from the top (water cooling). Two different channels 
with the dimensions 90x20x12 mm^ and 140x8x12 mm^ were used, where d = 12 mm 
is the height of the channel. The sidewalls were made from 1 mm thick glass. The 
form of a horizontal channel was chosen in order to force alignment of the convection 
rolls parallel to the short side of the channel. The pattern of convection was visualized 
with the shadowgraph method. Parallel light intersecting the channel along the axis 
of the rolls was slightly deflected because of the varying index of refraction. The light 
intensity received on the other side of the channel thus measured the change in the index 
of refraction and thereby the distribution of the temperature over the horizontal plane. 
A photo-diode was moved parallel to the long side of the channel by a stepper motor and 
a curve measuring the light intensity at a certain height of the channel was obtained. 
The authors concluded from the experiments that convection predominates in the upper 

^^also called, Hopf bifurcation, noticed first by Gershuni and Zhukhovitskii ( 1982 ); 

^^An extra time derivative enters the analysis here, together with one or two additional parameters. 
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layer at Rayleigh numbers beyond the critical value for onset, until the variation of 
temperature becomes clearly noticeable in the lower layer as well. The relative phase 
of the temperature signals in the fluid layers indicated thermal coupling. The weak 
variation of the temperature in the lower layer after onset of convection was resolved, 
indicating viscous coupling before the transition to thermal coupling. The theoretical 
analysis agreed with these observations. The main goal of the experiments that was to 
visualize the onset of oscillatory convection, was not however achieved. 

The tendency to form hexagonal convection cells in surface-tension-driven con- 
vection when the liquid layer is exposed to air is a unique consequence of the pattern 
selection mechanism. However, many of the observed patterns were more polygonal than 
hexagonal, presumably because of imperfections in the uniform temperature boundary 
conditions either beneath or above the fluid. Koschmieder and Prahl (1990) performed 
a series of experiments to gain insight into the formation of the patterns, and conditions 
that lead to a preference for the hexagonal cells. The experiments were aimed at an 
investigation of the planform of the motion as well as the value of the critical Marangoni 
number for the onset of surface-tension-driven convection in three different circular and 
one small square container. The apparatus consisted of 5 cm thick copper block of 17.8 
cm diameter, the bottom of which was heated electrically with a resistance wire. The 
upper surface of the copper block was expected to have a practically uniform temper- 
ature. On top of the copper block was a lucite frame with a circular inner opening of 
13.55 cm diameter. Into this opening and on the top of the copper blocks, a bakelite 
plate of 8 mm thickness was placed. Three circular holes of different diameter and one 
square hole were cut into it. These holes received the small containers with which the 
experiments were performed. Flow visualization of convection patterns in silicone oil was 
carried out by aluminium powder suspended in the fluid. Experiments were performed 
in a container having a small aspect ratio A, where A is the ratio of the width of the 
fluid layer to its depth. For circular containers, the width has been taken to be the 
diameter of the fluid layer. It was observed in the smallest circular container that with 
increasing aspect ratio, the pattern consisted of first a circular roll and then segments of 
a circle outlined by different numbers of azimuthal nodal lines, with up to six segments. 
When the aspect ratio increased from 4.32 to 8.96, the Marangoni number decreased 
from 330 to 67 along with the cross-over from one-cell to seven-cell solutions. The form 
of the pattern observed in the square container was a surprise. Unexpected solutions 
appeared when the number of the cells in the square container was itself not a square 
integer. When the aspect ratio of A = 4.98 permitted two cells, two triangular cells were 
observed. With space for three cells, one square and two wedge-shaped cells formed. 
The onset of convection in all fluid layers was characterize(^-^^^f^a|^#: 7 m|Ci^aseTof!ei|h-q 
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critical Marangoni number from Mac = 48 to 61, with decreasing aspect ratio from A = 
188 to 75. 

Pattern formation is an area of active research in a wide variety of applications. 
One of the most studied systems that presents this phenomenon is the Benard-Marangoni 
coin'ection. The role played by the boundary conditions was not completely understood 
in the past. Ondarcuhu et al. (1993) investigated pattern formation in their experiments 
on Benard-Marangoni convection in a small aspect ratio vessel. Experiments were per- 
formed in a container with square insulating lateral walls, filled with a silicone oil of a 
high Prandtl number (Pr = 3200). Flow visualization was carried out by a Schlieren 
technique. The images obtained contained bright lines that corresponded to the cold 
parts of the pattern, i.e., descending motion of the fluid. In their experiments an aspect 
ratio of 4.46 was used while the temperature of the bottom plate varied between 35 
and 60°G, maintaining the ambient temperature near the free surface at 21^0. Thus the 
corresponding Rayleigh number obtained was betweeen 10,308 and 33,504. The above 
parameters led the system to organize itself into four internal cells. In some cases, the 
four cells were quadrilateral, and in others two the cells were quadrilateral and the re- 
maining pentagonal. An increase in the temperature of the bottom plate resulted in 
the first convection pattern to consist of four square cells. A further increase led to 
the axisymmetric pattern, and for an additional increase of the temperature, the stable 
pattern began to oscillate. The authors also reported that a few of the patterns could 
undergo secondary and tertiary bifurcations displaying oscillatory behavior. Moreover, 
one of these oscillations constituted a dynamical version of the elementary topologi- 
cal processes observed in two-dimensional cellular patterns, for example side-swapping, 
present in a variety of physical systems. 

Busse and Sommermann (1996) discussed double-layer convection for geophysical 
applications from a theoretical and an experimental viewpoint. The first set of results 
were presented for an annular channel containing fluids in a 1:2 ratio of the layer heights^^. 

Andereck et al. (1996) presented experimental results for two immiscible fluid 
layers, driven by a vertical temperature difference slightly greater than the critical for 
Benard instabilities. Both rectangular and annular cavities were considered. The condi- 
tions under which the onset of convection is time-dependent was seen to be a function 
of the property ratio of the liquids constituting the fluid layers. 

As described earlier, convection in the two-layer system is characterized by two 
distinct coupling modes between the layers. They are mechanical and thermal cou- 

^'‘The full version of this paper could not be made available. 
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pling. Prakash and Koster (1996b) presented experimental and numerical studies in a 
two-dimensional cavity of two immiscible liquids heated from below in the context of 
determining the coupling modes. To achieve two-dimensionality in the experimental 
test-cell, a narrow vertical slot was considered to form the rectangular cavity. The fluids 
were confined in this cavity whose dimensions were a width [L) of 68 mm, height (/f ) 
of 56 mm, and a depth {D) of 8 mm. The horizontal (top/bottom) and vertical side 
walls of the test-cell were made of copper. This provided isothermal conditions at the 
top and the bottom boundaries, and perfectly conducting boundary conditions along the 
vertical side walls. A vertical temperature gradient was generated by circulating con- 
stant hot and cold water in the brass water jackets soldered respectively to the bottom 
and top horizontal boundaries. Real-time holographic interferometry was used to obtain 
the temperature field. The view direction was aligned parallel to the short side walls of 
the cavity i.e. in the direction along the depth (D). Experiments were performed with 
two immiscible fluid layers composed of 100 cSt silicone oil floating on top of ethylene 
glycol. Prakash and Koster (1996b) also numerically simulated two-layer convection us- 
ing the commercial finite-element computer code FIDAP. Simulation was restricted to 
a two-dimensional model. The governing Navier-Stokes equations and the energy equa- 
tion were discretized using the finite element method. The test cavity was discretized 
with a graded mesh of 51 x 71. This mesh was found to be optimal for convergence, 
constancy of maximum streamfunctions, and CPU time. No-slip conditions for velocity 
along the rigid walls were applied. At the interface, normal and shear stress balance 
conditions, along with the kinematic condition were prescribed. Interface deformation 
was assumed to be negligible. Continuity of velocity and temperature, and heat flux 
balance were imposed at the interface. For interpreting the experimental results, the 
authors introduced the parameter P, the ratio of individual layer Rayleigh numbers. 
Also, to include the influence of the cavity geometry, a modified parameter P was in- 
troduced as P = P/(Rat/Rai)e, where P was normalized by the ratio of the individual 
critical Rayleigh numbers of the top (t) and bottom (b) layers. The authors concluded 
that both modes of coupling (thermal and mechanical) between the layers were possi- 
ble. Another distinguishing feature of double-layer convection i.e. oscillatory motion at 
the onset of convection was not observed in their studies. When driving forces in both 
layers were similar (P ss 1), thermally coupled flow was observed. As the difference in 
buoyancy forces between the layers increased, the thermal coupling mode that develops 
at the onset of convection, underwent a transition to the mechanical coupling at higher 
Rayleigh numbers. When driving forces in the two layers were very different (P > 3 
or P < 1/3), mechanically coupled flow was again observed. These results were appli- 
cable to a system with a dynamic viscosity ratio of 5.6. In the results (Figure 2.6), a 
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Figure 2.6: Interferograms (left) and isotherms from numerical simulation (right) 
in superposed layers of silicone oil 100 cSt over ethylene glycol. For experi- 
ments, (Ra/Rac)t=0.9 and (Ra/Rac)6=5.9, and for simulation (Ra/Rac)t=0.3 and 
(Ra/Ruc) 6=9.9, after Prakash and Koster (1996b). 

fev' disparities between experiments and the two-dimensional simulation were observed. 
These were attributed, not to interfacial contamination, but to constraining effects of 
the gap geometry. It was pointed out that the gap geometry modifies the critical driving 
force and the thermal boundary conditions for each layer. Further, the modifed critical 
driving force should be accounted for while comparing convection in the different layers. 

During liquid encapsulated crystal growth, the layer aspect ratio changes with 
time due to depletion of the melt. The effect of lateral boundaries on the flow pattern 
that arises when interfacial and gravity driven convection are present is an interesting 
aspect of two-layer convection. Johnson and Narayanan (1996) studied numerically and 
experimentally the effect of the container geometry on the flow pattern that forms near 
the onset of interfacial-driven convection. The numerical studies were carried out in a 
cylindrical geometry with two aspect ratios (radius/height) of 1.5 and 2.5. The critical 
Marangoni numbers were calculated from the linearized Boussinesq equations. The liquid 
was bounded on the vertical sides by a rigid, no-slip side wall. The lower surface was rigid 
and assumed to be at a constant temperature. The upper surface of the floating layer 
was in contact with a passive gas. Interface deformations were assumed negligible. The 
numerical results revealed that each azimuthal mode 0, 1, 2, and 3 represented a different 
flow pattern, each associated with its own critical Marangoni number. For example, m 
= 0, represented the “toroidal” flow pattern. The toroidal flow was expected to occur 
at the smallest critical Marangoni number (Ma^ = 90.45) for the onset of convection at 
an aspect ratio of 1.5. In special cases, two modes coexisted at the smallest Marangoni 
number^®. The critical Marangoni numbers obtained at an aspect ratio of 2.5 were 70.84 
and 70.41 associated respectively with mode 1 and 2. These values are quite close to 


^^These are once again, the coclimension.-2 points. 
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eacli otlicr and thus it was concluded that the aspect ratio of 2.5 is near a codimension-2 
point (Figure 2.7). The linearized instability calculations near the codimension-2 point 



Figure 2.7; Schematic drawing of the codimension-2 point, after Johnson and Narayanan 
(1996). 


for Marangoni and Rayleigh convection indicated that only a steady pattern should be 
seen. 


Johnson and Narayanan (1996) also experimentally investigated the codimension-2 
point in a liquid layer of 100 cSt silicone oil with an upper air gap above. The two 
fluids were enclosed between two conductive plates with an upper plate consisting of 
zinc selenide, w^hich was transparent to infrared radiation in the 8 to 12 /nm range. The 
depth of the silicone oil was 5.0 mm and the air gap was 11.2 mm for all the experiments 
reported in their work. This system gave a ratio of the Rayleigh (Ra) to Marangoni (Ma) 
number of around 4.6. The flow visualization tool used was an infrared (IR) camera to 
measure the temperature field of the upper liquid surface. The IR camera was placed 
above the apparatus to view the surface in the vertically downward direction. As IR 
radiation was readily absorbed by silicone oil, the radiation detected by the camera was 
only from the very upper layer of the silicone oil. In the experimental results at an aspect 
ratio of 1.5, the authors were able to visualise the toroidal flow that shows fluid rising 
up from the center, moving radially across the top of the surface, and then falling down 
the sides of the container. At an aspect ratio of 2.5, they observed a dynamic switching 
between two different flow patterns, or modes. This confirmed the codimension-2 point 
to appear for an aspect ratio of 2.5, as in the numerical predictions. Finally the authors 
concluded that the study has implications in liquid encapsulated crystal growth, where 
multiple mode interactions can be another mechanism for unsteady convection, which in 
turn can lead to dopant stratification. 


56 


Literature Survey 


Prakash and Koster (1997) studied analytically, numerically and experimentally 
the problem of thermal convection in two horizontal layers of immiscible liquids differen- 
tially heated from the sides. The experimental test cell consisted of a rectangular cavity 
with length L = 38 mm (length between the temperature-controlled side walls), height 
H = 28.5 mm and a side wall separation in the viewing direction D ~ 28.5 mm. The 
cavity was filled with 10 cSt silicone oil on top of Fluorinert FC-70 liquid with equal 
liquid layer heights of d = 6 mm. The vertical side walls of the test volume were made 
of copper for providing isothermal boundary conditions. The top of the cavity was of 
plexiglas. This material insulated the cavity from the outer environment while allowing 
for the transmission of a light sheet for flow visualization. The front and back walls were 
optical windows. The flow field was visualized with the aid of tracer particles (titanium 
dioxide or silver coated glass microspheres) suspended in the fluids. Movement of the 
particles wdth the flow was recorded as streaklines. Single component velocity measure- 
ments were carried out using laser Doppler velocimetry (LDV). Real time holographic 
interferometry was used for measuring the temperature field. Numerical simulation in 
the two-layer system was performed using the finite element computer code FIDAP. In- 
terface and the free surface both were considered to be deformable. Simulation of the 
experimental system was restricted to a 2-D model. The steady Navier-Stokes equations, 
the energy equation, and the stress balance equation at the interface were discretized 
using the finite element method. The test cavity was discretized with a nonuniform 
mesh of 51 X 71. A finer mesh gradation was utilized in regions where strong velocity 
and temperature gradients were anticipated. The analytical model assumed a shallow, 
rectangular, two-dimensional cavity of aspect ratio H/L « 1. The two layers heights 
were not necessarily equal, but the aspect ratio of each layer was assumed to be small. 
The total cavity height was, therefore, considered to be much smaller than the cavity 
length L. Utilizing the streamfunction-vorticity formulation of the Navier-Stokes equa- 
tions, the non-dimensional governing equations of fluid flow in each liquid layer were 
derived. The governing equations were scaled using the thermo-physical properties of 
the bottom layer, the corresponding layer height d, the length of the cavity L and the 
applied temperature difference AT. 

Prakash and Koster (1997) arrived at the following conclusions from their research. 
The experimentally observed flow and the temperature fields were in good qualitative 
agreement with the theoretical predictions of the analytical model and the finite element 
simulation. Across the interface, the two liquids were mechanically and thermally cou- 
pled. In addition to buoyancy, thermocapillary stresses provide a driving force for flow. 
From the interaction of the free surface and interface thermocapillary stresses, along 
with viscous and thermal coupling, a thin interfacial roll develops between the layers. 
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Thermocapillary stresses tended to increase the height of the interfacial roll. Flow in the 
interfacial region was significantly weaker than the bulk flow and did not extend very far 
into the bulk of the layer. For the fluid combinations considered in the study, coupling 
between the layers, particularly mechanical coupling, led to a significant reduction in the 
velocities of the lower layer as compared to the flow velocities in a single layer. For some 
fluid combinations, thermocapillary stresses were diminished, and the interface velocity 
was close to zero. Thus, in these circumstances the flow in the two-layers appeared to 
be mechanically decoupled. In the corresponding experiments, the interfacial roll could 
not be observed at all. 

Prakash et al. (1997) reported experimentally recorded temperature fields in a two- 
layer Rayleigh-Benard convection. The fluid layers were confined in a shallow rectangular 
cavity. The objective of the study was to characterize the coupling mechanism as a 
function of the two parameters: viscosity ratio and ratio of the driving buoyancy forces. 
The experimental set up and procedure for the experiments was essentially similar to that 
outlined in the earlier work of Prakash and Koster (1996b). The only difference was in the 
geometry of the test cell and construction. The test volume formed a rectangular cavity 
of width W — 60 mm, height FT = 15 mm, and depth D = 8 mm. Real time holographic 
interferometry was used to obtain the temperature field. An argon laser was used as the 
light source for the interferometer. The light beam was aligned parallel to the shorter 
side wall of the cavity i.e. along depth D. Experiments were performed in two-layer 
systems composed of different combinations of liquids. Under isothermal conditions, no 
diffusion in the form of schileren streaks could be detected with monochromatic laser 
light. Thus the combinations of fluid layers were considered practically immiscible. The 
summary of their experimental findings are as follows: 

Mechanical coupling (Figure 2.8) was the preferred mode in systems where viscosi- 
ties of the two liquids were similar, and a significant contrast in the buoyancy driving 
forces was enforced. When the driving forces and the viscosities of the two layers were 
similar, either mechanical or thermal coupling was theoretically possible. Flow patterns 
in each layer of the two-layer system were found to be very similar to those reported in a 
single layer confined in a rectangular container. Onset of convection led to a steady flow 
that comprised of a finite number of rolls or convection cells, whose axes were aligned 
parallel to the shorter side. Beyond the onset of convection, the flow was seen to undergo 
spatial transitions that were “quasi-steady” in nature'and led to distinctly different, yet 
stable, flow patterns. Temporal transitions leading to time dependent flow were not 
observed in the range of temperature differences covered in the experiments. 


Georis et al. (1999) presented the first experimental results on Marangoni-Benard 
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Figure 2.8: Interferograms (top) and roll patterns (bottom) that show mechanical cou- 
pling in silicone oil 4.6cSt floating over Flourinert FC-70, after Prakash et al. (1997). 


instability in a symmetrical three-layer system. The experimental test-cell was made of 
a rectangular quartz frame closed on two sides by two sapphire windows. The thickness 
of each window was 10 mm. Fluids consisting of Flourinert FC70 (3M) for the first 
and the third layers and silicone oil 10 cSt (Dow Corning) for the central layer were 
selected for the experiments. Bach liquid layer was 8 mm thick, 50 mm wide and 35 mm 
deep. Initially, the layers were separated by two 50 fj,m thick stainless steel curtains to 
prevent mixing before the beginning of the experiment. The curtains were then gently 
pulled out and wound on the rollers creating two free liquid-liquid interfaces subjected 
to a Marangoni effect. Heating and cooling were achieved with electrical resistance and 
Peltier elements located along the edges of the sapphire windows. The liquids were 
seeded with silver-coated ceramic spheres whose diameters were in the range between 80 
and 100 /im. The flow was visualized using a Helium-Neon (He-Ne) laser light oriented 
parallel to the longest side of the container and located 10 mm from the wall. To avoid 
sedimentation due to the residual acceleration, the densities of the particles matched the 
densities of the liquids to within a few percent. The findings of this work can be summa- 
rized as follows; A pure thermocapillary phenomenon was observed by performing the 
experiment in a microgravity environment where buoyancy forces are negligible. This 
configuration enabled the study of hydrodynamic stability of two identical liquid-liquid 
interfaces subject to a normal gradient of temperature. The flow was driven by one inter- 
face only and obeyed the criterion based on the heat diffusivity ratio proposed by Scriven 
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and Sterling (1959) and Smith (1966)'®. The measured critical temperature difference 
for the onset of convection was compared to the value obtained from a two-dimensional 
numerical simulation. The predictions of the simulation were in reasonable agreement 
with velocimetry and the experimental data for a moderate degree of supercriticality. 
Numerically and experimentally, the convective field for temperature exhibited a transi- 
tion between different convective regimes for similar temperature gradients. 

Hexagonal flow patterns have been associated with the onset of convection ever 
since Benard observed them in thin fluid layers heated from below. Recent experimental 
results with Prandtl number of around 100 demonstrated a transition from hexagons 
to square patterns with higher heating. Schatz et al. (1999) reported experimental ob- 
servations of time-dependent square patterns related to secondary instability in surface- 
tension-driven Benard convection. The experimental test cell consisted of a cylindrical 
vessel containing a layer of silicone oil with air above it. The silicone oil layer was heated 
from below by a 1 cm thick gold-coated aluminium mirror, and air was cooled from 
above by a 0.3 cm thick sapphire window. For a small temperature difference, the oil-air 
interface was isothermal and the surface tension was uniform. With a sufficiently large 
temperature difference, instability induced surface tension variations at the interface led 
to fluid flow in the bulk of both fluids. The thermal patterns were visualized using the 
shadowgraph method. An infrared camera was used to measure the horizontally averaged 
temperature at the interface. An infrared detector was adopted for the measurement of 
thermal radiation emitted from the surface of the oil. For interpreting the experimental 
results, Schatz et al. (1999) used a reduced Marangoni numbers e = (Ma - Mac)/Mac, 
where Mac is the critical value of the Marangoni number determined from linear stability 
theory. The experimental runs started at low values of e, where the stationary hexagons 
were stable. At the onset of convection, a hexagonal pattern with a few nonhexagonal 
defects appeared and persisted till e reached a value of 1.61. Some hexagons transformed 
into pentagons and squares with an increase of e to 3.90. Increasing e to sufficiently large 
value of 7.22 resulted in square cells, with nonsquare cells limited to the periphery of 
the apparatus to accommodate the circular lateral boundary. The square pattern lost 
stability (for e larger than 3.90) while the hexagonal cells reappeared, when e decreased 
to 3.5. Pattern competition between haxagons and squares in Marangoni convection 
posed an interesting challenge, similar to pattern selection in a ferrofluid layer. In the 
latter, experiments show that a steady hexagonal planform may lose stability either to 
stripes or square patterns. An open experimental issue was the nature of instability 

*®If deformations of the interface are disregarded, the sign of the marginal Marangoni number, which 
corresponds to the sign of the temperature gradient, is governed only by the ratio of the heat diffusivities 
of the liquid phases. 
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of square patterns for sufficiently large Marangoni number. Preliminary observations 
indicated that the squares transformed into disordered polygonal patterns at the onset 
of time dependence, the cell size continually increasing with the Marangoni number, 

Johnson et al. (1999) presented theoretical and experimental findings on the ef- 
fect of the layer height on the pattern formation in liquid-air convection in a cylindrical 
geometry. Two different linear stability calculations were performed. In the first set 
of calculations, laterally unbounded layers of two fluid was assumed. The second set 
of calculations assumed a single, bounded liquid layer with a passive overlying gas in a 
rigid, circular cylinder with no-slip lower and radial walls^”^. The first set of calculations 
analyzed the different coupling mechanisms, as the heights of the silicone oil layer was 
changed. Calculations for laterally unbounded geometries could be extended to reveal 
qualitative features of convection in laterally bounded circular cylinders, despite unre- 
alistic boundary of vanishing tangential and vertical components of vorticity along the 
radial walls. Calculations were performed to determine the critical temperature differ- 
ence as well as the flow pattern at the onset of convection. These computations were 
based on a linear stability analysis for both the laterally unbounded and bounded ge- 
ometries, Two features in particular were investigated. First, the effect of the height 
of the air phase on the convective threshold was studied. The second feature that was 
examined was the effect of the air height on the type of the convection coupling. The 
following conclusions for a bounded gemetry (depth of 5 mm of silicone oil for a Biot 
number 0.3) were arrived at. The critical Marangoni number was not a monotonic func- 
tion of the aspect ratio (Figure 2.9). At small aspect ratios, the minimum value of each 
mode was much greater than the asymptotic minimum reached at aspect ratios greater 
than 4.0. The flow patterns also changed with the aspect ratio. At specific aspect ratios, 
two patterns could coexist, resulting in a codimension-2 point. 

Along with calculations, Johnson et al. (1999) also studied experimentally the 
effect of the air height on the flow patterns in the lower liquid layer. The experimental 
test-cell consisted of four pieces: the liquid insert, air insert, the clamp, and a zinc 
selenide window. The first three pieces were made of Incite. The lower cylindrical 
block was heated using a resistive element along with a heating plate. For ensuring the 
liquid-gas interface to be flat, a pinning edge was used in the liquid insert. The liquid 
insert could be made of different radii and heights to achieve the desired liquid aspect 
ratio. The zinc selenide optical window was placed at the top of the test-cell. For flow 
visualization, an infrared camera was used. The camera was placed directly above, the 

passive gas is completely quiescent and its temperature is not perturbed by the instability mech- 
anism. 
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Figure 2.9; Plot of the bounded, linear calculations made with an insulating, no-slip 
radial wall, after Johnson et al. (1999). 

test section and measured the infrared radiation emitted by the silicone oil. As silicone 
oil readily absorbs infrared radiation, only the radiation from the silicone oil interface 
could be detected. A large number of experiments were carried out to test whether 
convection in the upper layer could drive the lower layer. For each experiment, a liquid 
layer insert, 5.0 mm deep and 20 mm in diameter (liquid aspect ratio of 2) was used. 
Three different air heights of 3, 14, and 20 mm were adopted for two different grades 
of silicone oil. A double-toroid pattern (m = 0) was observed for the 3 mm air layer- 
over the silicone oil. As the air depth increased from 14 to 20 mm, the double-toroid 
pattern changed respectively to skewed and unicellular (m = 1) pattern. The experiments 
revealed a new convection coupling mechanism, also confirmed by the calculations. This 
mechanism required the convection to be predominant first in the upper layer. The upper- 
fluid layer would generate a transverse thermal gradient along the fluid-fluid interface, 
immediately causing surface-tension-gradient-driven and buoyancy-driven convection in 
the lower fluid. It was concluded that the viscosity of air layer was quite low compared 
to that of the silicone oil, and convection in the air had no influence on the oiP®. Thus 
this property became advantageous in isolating the new corrvection mechanism in the 
layer of silicone oil. 

duel et al (2000) have reported experiments with the upper plate hotter than the 
lower plate in a surface-tension-driven convection in two liquid layers. The two super- 
posed liquid layers displayed a variety of convective phenomena that were not seen when 
the upper layer was a gas. The authors considered several pairs of immiscible liquids. 


^®other than initially setting up thermal gradients over the interface. 
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Perfluorinated hydrocarbon and silicone oil were used as the fluids in the experimental 
test cell. The independent controlling parameters in the experiments were the applied 
temperature difference and the depths of the layers. As the fluid in the top layer was 
less dense compared to the bottom layer, the system became stably stratified. Thus the 
convective patterns were linked only to the thermocapillary forces. Oscillatory motion 
was seen at the onset of convection in an acetonitrile and n-hexane system heated from 
below. The experimental observations were in a reasonable agreement with the linear 
stability analysis. 


2.3 Closure 

A survey of the literature shows that differentially heated two-layer convection is a topic 
of considerable practical importance. It shares certain features with convection in a single 
fluid, but differences are more often observed. Surface tension gradients can drastically 
alter buoyancy-driven flow, and in some cases can be the sole factor determining the flow 
field. Ho-wever, in large containers or when the layer depth is high, the flow is entirely 
buoyancy-driven. 

The literature quoted in the present Chapter shows that research has focussed on 
identifying the critical points of transition, possibility of multiple solutions at transitions, 
oscillatory instabilities and pattern formation. The literature on liquid-gas systems in 
which gas-phase convection is significant, is however sparse. Thermal fields away from 
the point of criticality (specifically, onset of convection) have not been characterized. 
Issues such as single versus two-layer convection and cavity- averaged heat transfer rates 
have not been addressed. Against this background, the present work is focussed on two- 
layer convection; 

(1) when Marangoni effects are negligible; 

(2) interface deformation is possible; and 

(3) over a higher range of Rayleigh and Prandtl numbers and layer-depth ratios. 

Two test cells have been constructed for studying convection patterns in superposed 
fluid layers. Combinations of air and water, air and silicone oil, and silicone oil and water 
have been selected in the experiments. Individually the test cells form a rectangular 
and an axisymmetric cavity respectively. The grade of silicone oil employed in the 
experiments was 50 cSt. 

The first cavity is rectangular in plan and square in the vertical plane with a cavity 
aspect ratio of 13.93. The aspect ratio referred here is = LfH, where L is the 
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length of the cavity and H is its height. The aspect ratios in the respective fluid layers 
varied from 20.88 to 41.77 in view of change in their respective heights. The horizontal 
lower and upper surfaces are isothermal, while the vertical side walls are insulated. The 
temperature difference is applied parallel to the direction of the gravity field. The optical 
axis of the laser beam is oriented parallel to the longer side wall of the cavity, in order 
to capture the depth-averaged thermal fields in the fluid layers. Three layer heights for 
each combination of fluids have been selected for the experiments. The objectives for 
the rectangular cavity experiments are to examine: 

(a) the influence of Rayleigh number on the steady thermal field in the fluid layers; 

(b) unsteadiness in the thermal field with an increase in the Rayleigh number; 

(c) average interface temperature between the fluid layers and a comparison with the 
energy-balance calculation; 

(d) the heat transfer rates at the two walls in terms of the Nusselt number and comparison 
with single fluid correlations; 

(e) the nature of coupling mechanism established at the interface by interpreting the 
interferograrns in terms of the orientation of the fringe patterns; and 

(e) the evaluation of shadowgraphs depicting the deformed interface and a correlation 
with the thermal field. 

The second cavity is octagonal in plan with a radius-to-height ratio of 1.31^®. The 
layer heights have been kept equal in the experiments for all combinations of fluids. 
The thermal boundary conditions are similar to the first test cell and are created in an 
identical manner. The test cell has been designed and fabricated to scan the thermal 
field for three-dimensionality. This was possible by turning the test cell to different 
view angles of 0, 45, 90 and 135° while maintaining the axis of the light source and the 
detector fixed. The objectives of this phase of research are summarized below: 

(a) Reconstruction of the three-dimensional features of the temperature field at different 
horizontal planes in the cavity using two-dimensional projection data obtained at each 
view angle; 

(b) Evaluation of the degree of axisymmetry of the thermal field; and 

(c) Study of the transient evolution of the fringe patterns in the fluid layers, once the 
two bounding surfaces have thermally stabilized. 

A large range of Rayleigh numbers from as low as 25 to as high as lOE-1-06 in 
the respective fluid layers has been explored. The lower range was obtained in the 
rectangular test cell of cavity height of 32.1 mm. The higher range of Rayleigh numbers 

^®Since the thermal field was viewed with a parallel beam of light, a parley circular container could 
not be used in the experiments. The octagonal cross-section has occasionally been referred later as the 
axisymmetric test-cell. 
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was realized in the axisymmetric test cell with a cavity height of 50 mm. The overall 
aim of working with a wide range of Rayleigh numbers and two different geometries was 
to develop a deeper understanding of convection in superposed fluid layers. 



Chapter 3 

Apparatus and Instrumentation 


Theoretical as well as experimental studies in two-layer convection encounter a severe 
problem of a high-dimensional parameter space. Thus the flow phenomena cannot be 
fully explored and portions of the parameter space remain unaccessed. Experimental 
difficulties are further compounded by two factors: 

(a) any given apparatus (in the laboratory experiments) will cover only a very small 
fraction of the space accessed; and 

(b) availability of truly immiscible liquids while working with liquid-liquid layers. 
Nevertheless, many interesting features can be explored in the experiments. The data 
generated can be extrapolated to gain understanding of applications such as earth’s 
mantle convection and liquid encapsulated crystal growth. At the same time, nonlin- 
ear effects (specifically at high Rayleigh numbers) which are not readily accessible to 
theoretical analysis can be recorded with careful measurements in the laboratory. With 
this viewpoint, experimental studies act as a benchmark for validating the theoretical 
observations in two-layer convection. 

Rayleigh-Benard convection forms a subclass of applications involving buoyancy- 
driven flows and thermal convection. The experimental configuration for Rayleigh- 
Benard convection is quite simple in appearance. The complexities are seen in the 
flow patterns that form in the fluid medium. The experimental cavity is formed by two 
horizontal surfaces of high thermal conductivity that are maintained at different temper- 
atures. The system is heated from below and cooled from the top. The vertical side walls 
are good insulators. The focus of the experiments is on the flow patterns that emerge in 
the fluids contained in the enclosed volume. A careful thought is sufficient to indicate a 
large number of difficulties experienced during experimentation. For example, uniformity 
and constancy of surface temperatures, parallelism of the walls defining the fluid layer, 
parallelism between optical windows placed at the entrance and exit to the laser beam 
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and properties of the insulating surfaces are factors that determine the quality of the 
experiment and its suitability for comparison with theory. Further, extraneous factors 
such as building vibrations, air currents and changes in the ambient temperature have a 
strong bearing on the quality of the recorded data. Thus R.ayleigh-Benard experiments 
have to be conducted with due care and precaution. 


3.1 Description of the experimental apparatus 

Experiments with two different test cells have been conducted in the present work for 
studying convection patterns in differentially heated superposed fluid layers. The con- 
figuration of the cells are based on the Rayleigh-Benard system heated from below and 
cooled from the top with vertical side walls insulated. The two cavity geometries con- 
sidered are (i) a cavity rectangular in plan and square in cross-section and (ii) a cavity 
octagonal in plan. The second test cell approximates an axisymmetric, i.e. a circular 
cavity. The construction of the two test cells are described in the following sections. 


3.1.1 Rectangular cavity 

The first test cell constructed to study convection in superposed fluid layers is shown in 
Figure 3.1. The test cell consists of three sections namely the top tank, the test sectioifl 
and the bottom tank. The test section is rectangular in plan, with the cross-section being 
square of edge 32.1 mm and length equal to 447 mm. This leads to a cavity aspect ratio 
(Aj) of 13.93. This value can be classified as an intermediate aspect ratio. The aspect 
ratios of the individual layers based on the ratio of the length to the. height of the two 
layers varies from the intermediate to a high value in the experiments. The fluid layers 
are confined above and below by two aluminium plates of 3 mm thickness. The vertical 
sides of the cavity are made of perspex-bakelite composite that serve as insulating walls 
(Figure 3.1). The combined thickness of the two sheets is 25.4 mm. The perspex sheet is 
in direct contact with the fluids in the cavity. The two ends of the cavity are covered by 
square optical windows (50x50x10 mm^) to permit the passage of the laser beam. The 
windows are made of commercially available laser-grade fused silica. The cold (top) and 
the hot (bottom) surfaces have been maintained at uniform temperatures by circulating 
water from constant temperature baths (Huber- variostat and Raagaa-cryostat). For the 
upper plate, a tank-like construction enabled extended contact between the flowing water 
and the aluminium surface. For the lower plate, special arrangement was required to 
^that acts as the main cavity. 
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Figure 3.1: Schematic drawing of a rectangular test cell to study convection in superposed 
fluid layers. 


maintain contact between water and aluminium. The flow of water below the lower 
surface was pressurized and the presence of 15 baffles acted as fins, thus increasing the 
effective interfacial contact area. Both walls have been maintained at their respective 
temperatures to within ±0.1 K during the experiments. To reduce edge effects, the heat 
transfer areas of the two tanks were made quite large (ps 2.2 times) compared to the 
cavity. Considerable attention was paid to the flatness of the aluminium sheets. The 
flatness of these plates was carefully established against a reference surface plate to be 
better than 10 ^m. After assembly the cavity height was uniform to within ±1 mm over 
a length of 447 mm. This quality was adequate for resolving the near-wall fringes in air, 
but a few fringes were lost in the liquid phase owing to blockage. 

In addition to the test cell, a reference cell has also been designed and fabricated 







68 


Apparatus and Instrumentation 


to compensate for initial differences in the geometrical and optical path lengths of the 
test and the reference beams. The reference cell is placed in the compensation chamber 
of the interferometer. Its cavity dimensions match those of the test cell quite closely^ 
The reference chamber is also filled with the test fluids of appropriate thickness as in the 
test cell. The reference chamber i,s however thermally inactive. 


3.1.2 Axisymmetric cavity 

The second test cell used to study convection in superposed fluid layers is shown in Figure 
3.2. The test cell consists of three sections namely the top tank, the test section and 
the bottom tank. The cavity is octagonal in plan and has a nominal diameter of 130.65 ■ 
mm and height of 50 mm. The plan view closely approximates a circular geometry. The 
cavity and the individual layer aspect ratios defined here as diameter/height are 2.61 and 
5.22 respectively for all the experiments. These values fall in the range of small aspect 
ratio container. In this part of the study, the layer aspect ratio has not been changed. 
The fluid layers, 25 mm thick are confined by two copper plates of thickness 1,6 mm 
above and below. The octagonal cavity is essentially made of square optical windows, 50 
mm square and 3 min thick, with 8 of them forming the octagon in plan. The windows 
are essential in the present W'ork since they allow viewing the thermal fields at various 
angles. For the geometry adopted for the experimental apparatus, view angles of 0, 45, 
90 and ISS® are possible. The optical windows are made of commercially available laser- 
grade BK-7. The high quality windows permit the passage of the laser beam without 
refraction. The hot and the cold surfaces have been maintained at uniform temperatures 
by circulating water from constant temperature baths. As employed in the first test 
cell, a tortuous flow path has been created in the lower tank by installing 5 baffles. Due 
to an increased interfacial contact area, the heat transfer is enhanced and distributes 
the temperature uniformly over the plate. Both walls have been maintained at their 
respective temperatures to within ±0.1 K during the experiments. The heat transfer 
areas of the two tanks have been, made quite large (roughly 1.4 times the cavity surface 
area) to reduce edge effects. 

To resolve near wall fringes, the two copper plates have been carefully checked for 
flatness and surface finish. The flatness of the plates registered against a reference face 
plate was around 50 /im. The surface finish measured through an instrument (Surfana- 
lyzer 5000) showed the RMS value to be close to 0.4 /rm. During the experiments, the 

“The degree of closeness was confirmed by the quality of the infinite fringe setting of the interferom- 
eter. 
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Figure 3.2: Schematic drawing of an axisymmetric test cell to study convection in su- 
perposed fluid layers (All dimensions are in mm). 


optical windows are covered additionally by 12 mm thick perspex in order to insulate 
the test section with respect to the atmosphere. The perspex blocks of the opposite pair 
of optical windows are removed during data collection. 

A reference cell is again required for balancing the geometrical and optical path 
lengths of the test and the reference beams. The reference cell utilized in the present 
experiments is rectangular in construction. It is placed in the compensation chamber 
of the interferometer. No thermal gradient is introduced in the reference cell during 
the course of experiments. By including the reference chamber, the interferograms ex- 
clusively reveal the variations in the thermal flow field in the test cell arising from the 
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3-2 Design of the test cells 

The design of the test cells for studying Ravleieh.R 

layers involves the following steps- ' convection in superposed fluid 

Selection of Fluids: The selection was based on th ■ . 
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at intermediate temperatures were determined by second order quadratic interpolation. 

Selection of the Cavity Dimensions: The principle of conservation of energy can be 
fruitfully employed at steady state to conduct a preliminary analysis. Thus heat trans- 
ferred to the lower fluid (fluid 2) from the lower wall is equal to heat convected to the 
upper fluid (fluid 1). This in turn is conducted to the top wall. Using the single fluid 
correlations (for example, given by Gebhart et al. (1988)) for the average Nusselt num- 
ber, one can estimate the average interface temperature. This procedure is described 
in Chapter 4. The interface temperature along with those of the walls can be used to 


Table 3.1: Thermophysical properties of air, water and silicone oil (50 cSt) at 25°C. 


Fluid 

(kg/m^) 

V 

(m^/s) 

h 

(kg/m/s) 

K 

(W/m K) 

(mVs) 

i— * 

Pr 

Air 

1.184 



26.1E-03 

2.19E-05 

3.35E-03 

0.71 


997.05 




1.46E-07 

20.57E-05 

6.1 

Silicone oil 

960 




1.05e-07 

1.06e-03 

476.2 


Therraophysical properties at 35°C. 








(K-^) 

Pr 

Air 

1.146 




2.33E-05 

3.24E-03 

0.71 

Water 

994.03 



0.625 

1.51E-07 

34.57E-05 

4.8 

Silicone oil 

960 

5.00e-05 

4.80e-02 

0.151 

1.05e-07 

1.06e-03 

476.2 


estimate the temperature difference driving convection in each fluid layer, and hence the 
individual Rayleigh numbers of the two fluid domains. 

The cross-sectional dimensions of the first and second test ceils have been esti- 
mated on the basis of the desired Rayleigh numbers of the individual layers. The length 
of the test cell was decided on the basis of aspect ratio A^. The original objective was to 
work with a high aspect ratio cavity, quite long in the horizontal direction. Refraction 
errors in interferometry as well as the overall interferometer dimensions were limiting 
factors in the selection of the cavity length. The cavity cross-section was matched with 
that of commercially available optical windows. These factors led to a cavity of size 
32.1x32.1x447 mm^. The flow regime in each of the fluid layers could be predicted in 
advance using the flow regime diagram in Figure 2.1. 

Material Selection: The choice of the material used for the two active surfaces was based 
on thermal conductivity. Aluminium and copper have respectively been selected for the 
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first and the second test cell owing to their high thermal conductivities. Thus perfectly 
conducting plates required for modeling Rayleigh-Benard convection could be achieved. 
The thickness of the plates were selected by considering the following factors: (a) small 
thickness for a negligible temperature drop, (b) small thickness to reduce weight, (c) 
sufficient thickness to permit adequate straightness of the surfaces, and (d) adequate 
thickness to control the thermal loading rate of the cavity. Factor (d) is discussed fur- 
ther in Section 3.4. Keeping these factors in view, sheets of 3 mm thick aluminium 
(rectangular) and 1.6 mm thick copper (axisymmetric) have been selected for the hot 
and the cold surfaces. 

The vertical side walls of the rectangular cavity have been chosen on the basis of 
two factors: (a) permit accurate vertical spacing between two horizontal surfaces and 
(b) act as an insulating boundaries. A composite structure made of polyglas (perspex, 
12.7 mm thick) and bakelite (12.7 mm thick) meets the above requirements. A thin air 
gap has been maintained between the two sheets. It is expected that after the passage 
of a sufficient amount of time, the thermal fronts in the side walls are frozen. This 
in effect would result in zero flux (namely, adiabatic) boundaries. The perspex surface 
formed the inner surface of the vertical side walls. This arrangement is advantageous 
because the smoothness of perspex surface delays condensation of moisture in the air- 
water experiments. In the axisymmetric test cell, the optical windows themselves act as 
perfect spacers between the two horizontal surfaces. In addition, perspex blocks have 
been placed adjacent to the optical windows, creating a small air gap. One pair of blocks 
had to be removed momentarily for recording the projection data for each view angle. 

For visualization of flow, high grade optical windows^, 10 mm thick made of fused 
silica have been selected. Two such windows are required for rectangular cavity and 
the reference cell. Optical grade material BK-7 of 3 mm thickness has been chosen for 
constructing the axisymmetric test cell. 

A traversing mechanism is needed to mount the apparatus in which the desired 
experiment is in progress. In practice, the optics and the light source cannot be moved 
to scan the flow fleld. The traversing mechanism enables translation and rotation of the 
test cell and thus plays a central role in alignment of the test cell with the optics employed 
(Figure 3.4). The base of the traversing mechanism is padded with a rubber sheet, 30 
mm thickness. The sheet damps to an extent the external vibration from reaching the 
test cell. For a finer levelling adjustment of the test cell in the vertical plane, the base of 
the apparatus is rested on three bearing supports. In axial tomography, the projection 

^The term high grade refers to the excellent surface quality, transparency and parallelism of the 
optical surfaces. 
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angle is very important. The angle is controlled by the rotation of the table-top of the 
traversing mechanism. It enables the center of the rotation of the test cell to be fixed 
and equal to the center of rotation of the table-top of the traversing mechanism. 


3.3 Range of parameters 


A wide range of Rayleigh numbers in the individual fluid layers have been explored in the 
rectangular cavity experiments. The fluid combinations considered in the present work 
are: air-water, air-silicone oil and silicone oil-water. Three layers heights namely 1/3, 
1/2 and 2/3 with respect to the cavity height have been studied. Since the cavity length 
is a constant, the cavity aspect ratio is also fixed, the value being 13.93. The aspect 
ratio with respect to the individual layer heights varies between 20.88 and 41.77 for 
each fluid. Temperature differences of 10, 15 and 18 K have been applied across the 
cavity, in a destabilizing configuration. A few selected experiments with an additional 
temperature difference of 0.3 K have also been conducted. The ambient temperature has 
been maintained at 23°C in all the experiments. 
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Table 3.2; Rayleigh number range for a rectangular cavity; Cavity filled with air (A) 
and water (W). 


AT, K 

Layer Heights 

Az (air) 

Az (water) 

Ra (air) 

Ra (water) 


A- 1/3, W-2/3 

41.77 

20.88 

1242 

35,727 

10 

A- 1/2, W-1/2 

27.85 

27.85 

4185 

16,413 


A-2/3, W-1/3 

20.88 

41.77 

9939 

4420 


A-1/3, VV-2/3 



1794 

64,404 

15 

A-1/2, VV-1/2 



6044 

30,772 


A-2/3, W-1/3 



14,357 

8023 


A-1/3, W-2/3 



2100 

98,505 

18 

A-1/2, W-1/2 



7088 

42,147 


A-2/3, W-1/3 



16,844 

10,666 


The lowest temperature difference (0.3 K) was selected for the high Prandtl number 
fluid namely silicone oil because of refraction effects. High refraction errors were seen in 
the oil phase with increasing temperature diflerenco above 0.3 K. The refraction errors 
are proportional to (length)^. Since the cavity length is quite large in the rectangular 
cavity the light beam lifted out of the fleld-of-view. Therefore no clear fringe patterns 
were noticed beyond 0.3 K in the oil phase. 

The individual Rayleigh numbers explored in the experiments have been presented 
in Tables 3.2, 3.3 and 3.4 for three pairs of fluids. The respective Prandtl numbers for 
air, water and silicone oil are 0.71, 6.1 and 476.2. 

The fringe patterns obtained in the experiments are to be interpreted as contours 
of the temperature field averaged in the direction of the light beam, namely along the 
length of the cavity in the horizontal plane. For Rayleigh numbers below a certain value, 
the thermal field in the individual fluid layers is two dimensional. The fringes would 
then coincide with the isotherms in the field. At higher Rayleigh numbers, the field is 
three dimensional, and the images donot carry strictly local information. The Rayleigh 
numbers in Tables 3. 2-3. 4 can be used as a guideline to anticipate the nature of the 
temperature field. 

It has been observed that the interface in all the experiments was thermally active. 
This is confirmed by the appearance of dense fringes near it, being indicative of a high 
temperature gradient. It occurred despite the fact that the free surface is one of free-slip, 
without a prescribed constant temperature. Thus, in all the experiments, the superposed 
fluid layers behaved as two independent single phase systems connected at the interface. 
The nature of coupling as thermal or mechanical has been determined in the present 
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Table 3.3: Rayleigh number range for a rectangular cavity; Cavity filled with air (A) 
and silicone oil (O). 


AT, K 

Layer Heights 

A^ (air) 

A^ (oil) 

Ra (air) 

Ra (oil) 


A-1/3, 0-2/3 

41.77 

20.88 

25 

1611 

0.3 

A-1/2, 0-1/2 

27.85 

27.85 

93 

549 


A-2/3, 0-1/3 

20.88 

41.77 

226 

140 


A-1/3, 0-2/3 



1124 

23,079 

10 

A-1/2, 0-1/2 



3736 

10,940 


A-2/3, 0-1/3 



8880 

3183 


.Vl/3, 0-2/3 



1645 

31,698 

15 

A-1/2, 0-1/2 



5425 

16,181 


A-2/3, 0-1/3 



12,900 

4675 


A-1/3, 0-2/3 



1920 

40,452 

IS 

A-1/2, 0-1/2 



6383 

19,301 


A-2/3, 0-1/3 



15,193 

5541 


work by examining the direction of the roll patterns and the joint unsteadiness in the 
respective fluid layers. 

In the axisymmetric cavity, experiments have been carried out with equal layer 
heights for the three combinations of fluids. The cavity and the individual layer aspect 
ratios defined as the effective cavity diameter and the appropriate vertical dimension were 
2.61 and 5.22 respectively. Experiments were conducted with the aim of reconstructing 
the three-dimensional thermal field inside the cavity, using principles of tomography. In 
the present experimental setup, four view angles namely 0, 45, 90 and 135° were possible 
for generating the two-dimensional projection data. Tables 3.5, 3.6 and 3.7 summarize 
the range of individual Rayleigh numbers explored in the present experiments. 

The data recorded in all the experiments of the octagonal cavity is in the form of 
interferograms. These have been interpreted to understand the influence of increasing 
Rayleigh number on transition to three dimensionality and unsteadiness. The transient 
evolution patterns at 0 and 90° view angles have been presented for low Prandtl number 
fluids namely air and water. The evolution patterns of the thermal fields in the fluid 
layers were recorded at a regular interval of 30 minutes. The flow field In the cavity 
reached the stage of dynamic steady state after around 2.5 hours. The dominant state 
that prevailed for the longest duration was recorded. In silicone oil, a high Prandtl 
number fluid, even the Rayleigh number as high as 10^ (based on the layer height) did 
not make the flow unsteady. However, distinct values of Rayleigh numbers were observed 
where two and three dimensional steady flow patterns were observed. 




76 


Apparatus and Instrumentation 


Table 3.4; Rayleigh number range for a rectangular cavity; Cavity filled with water (W) 
and silicone oil (0). 


AT, K 

Layer Heights 

A^ (water). 

K (oil) 

Ra (water) 

Ra (oil) 


W-1/3, 0-2/3 

20.88 

41.77 

802 

5163 


W-1/2, 0-1/2 

27.85 

27.85 

2710 

2180 


W-2/3, 0-1/3 

41.77 

20.88 

6610 

643 


W-1/3, 0-2/3 



29,062 

1.69E+05 

10 

W-1/2, 0-1/2 



1.09E-P05 

69,849 


W-2/3, 0-1/3 



2.76E-t-05 

20,564 


W-1/3, 0-2/3 



55,700 

2.54E-i-05 

15 

W-1/2, 0-1/2 



2.07E+05 

1.05E-t-05 


W-2/3, 0-1/3 



5.25E+05 

30,924 


W-1/3, 0-2/3 



73,482 

3.10E+05 

18 

W-1/2, 0-1/2 



2.83EH-05 

1.27E+05 


W-2/3, 0-1/3 



7.15E-t-05 

37,184 


Table 3.5; Rayleigh number range for an axisymmetric cavity; Cavity filled with air (A) 
and water (W). 


AT, K 

Layer Heights 

A^ (air) 

A^ (water) 

Ra (air) 

Ra (water) 

6,5 

A-1/2, W-1/2 

5.22 

5.22 

9530 

48,474 

8.5 

A-1/2, W-1/2 

5.22 

5.22 

12,466 

66,992 

13 

A-1/2, W-1/2 

5.22 

5.22 

18,870 

1.16E+05 

18 

1 

A-1/2, W-1/2 

5.22 

5.22 

27,068 

1.72E-b05 


3.4 Experimental procedure 


Tests were carried out under various conditions to ensure that the convection patterns 
in the fluid layers were insensitive to external disturbances such as floor vibration and 
water in circulation from the constant temperature baths. It was thus established that 
convection in fluid layers was driven by the temperature difference alone. For cavities 
filled with superposed liquids, the possibility of an air gap near the cold boundary at the 
top was carefully addressed. Silicone oil was introduced through a hole in the top tank 
by a hypodermic needle, while a second hole permitted the displacement of air. The 
process was continued till oil spilled over at both the hole locations. 

In the present work, the experiments were started with the fluid layers and the 
bounding walls at the ambient temperature. All experiments continued for 4 hours to 
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Table 3.6: Rayleigh number range for an axisymmetric cavity; Cavity filled with air (A) 
and silicone oil (O). 


AT, K 

Layer Heights 

A^ (air) 

Az (oil) 

Ra (air) 

Ra (oil) 

0.4 

A-1/2, 0-1/2 

5.22 

5.22 

470 

2011 

1.8 

A-1/2, 0-1/2 

5.22 

5.22 

2237 

6963 

3.1 

A-1/2, 0-1/2 

5.22 

5.22 

3861 

12,781 



WBIS3M 


5028 

16,340 

5.4 


imgi 


6881 

21,880 

8.5 

A-1/2, 0-1/2 

5.22 

5.22 

11,153 

33,980 


Table 3.7: Rayleigh number range for an axisymmetric cavity; Cavity filled with water 
(W) and silicone oil (0). 


AT, K 

Layer Heights 

A^ (water) 

A^ (oil) 

Ra (water) 

Ra (oil) 



5.22 

5.22 

17,266 

10,955 

1.8 

W-1/2, 0-1/2 

5.22 

5.22 

88,157 

48,402 

3.1 

W-1/2, 0-1/2 

5.22 

5.22 

1.58E-t-05 

82,754 

4.0 

W-1/2, 0-1/2 

5.22 

5.22 

2.08E+05 

1.06E+05 



5.22 

5.22 

2.83E+05 

1.43Ed-05 

8.5 

W-1/2, 0-1/2 

5.22 

5.22 

4.63EH-05 

2.23E-1-05 

13.0 

W-1/2, 0-1/2 

5.22 

5.22 

7.15E-H05 

3.38E+05 

17.5 

W-1/2, 0-1/2 

5.22 

5.22 

l.lOE-l-06 

4.57E-i-05 


confirm that steady state was reached in terms of the fringe patterns. Although the 
flow field was usually fully evolved after 2 hours, the experiment was continued for an 
additional 2 hours for detecting small changes in the fringe field. The volume of the 
rectangular test cell being small, the thermal fields in the hot and the cold surfaces 
on one hand and the fluid layers on the other jointly approached steady state. In this 
respect, the thermal loading of the two-layer system may be categorized as continuous. 
This should be contrasted against a sudden loading, commonly employed in numerical 
calculations. The two types of loading are compared in Figure 3.5. The thermal loading 
curves were gradual and continuous in the rectangular and the axisymmetric test cell. 
The differences in the wall thickness and a smaller temperature difference in the latter 
resulted in a faster approach to steady state in the axisymmetric experiments. Thus the 
initial transients in the convective pattern'^ could be recorded in these experiments, in 
particular for air and water. Transients appearing in the silicone oil experiments were 

distinct from temporal changes in the flow due to those in the driving potential, namely the cavity 
temperature difference across the fluid layer; 











































78 


Apparatus and Instrumen taiio., 



Figure 3.5; Schematic drawing of thermal loading pat 
numerical calculations and experiments. 

consistently short-lived. 


terns in a two-layer system seen in 


3.5 Instrumentation 


P ical ^ isualization has been utilised in the present work to scan the thermal field in the 
superposed fluid layers. Other approaches to temperature measurement can also been 
discussed For example, the temperature field cau bo obtained by scanning the fluid layer 
using a themocouple. This approach has a serious drawback since the presence of the 
probe can distort the flow pattern, not just locally but over the entire cavity. The probe 
nt.us.on pmblen, ,s particularly serious at high Rayleigh numbers. A flow visualization 
rmque that has been widely employed for velocity measurement involves the use of 

liauM\''''dT'* method has been found to be successful mainly in 

ft fl -^1, identifies the velocity field in 

e fluid but not the temperature field which is the focus of the present work. A subtle 

pmnt 0 be noted m the context of flow visualization by tracers is the following: Since the 
tides lespond to velocity, small time-dependent fluctuations are immediately noticed 

the raer'' “/T®" numbers. Further, 

three din ^ n \ drawback of not generating information regarding 

three dimensionality of the flow field. 
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The limitations imposed by other approaches has paved way for adopting the op- 
tical method for determining the temperature field. Optical techniques have definite 
advantages with regard to the following issues: 

(a) Clearly identifiable fringe patterns are formed; 

(b) Three dimensional iiiformation about the temperature field can be extracted from 
the interferograms. Thus it is possible to deduce the shape of the structures in the fluid 
layers at various Rayleigh numbers; 

(c) Local as well as global heat transfer rates can be determined; and 

(d) Optical images remain well-defined over a meaningful range of Rayleigh numbers. 


3.5.1 Mach-Zehnder interferometer 

The Mach-Zehnder interferometer has been used as a primary instrument in the present 
work for temperature measurement in the fluid layers. Figure 3.6 is a schematic drawing 
of the interferometer. The optical components present in it namely the beam splitters 
BSl and BS2 and mirrors Ml and M2, are inclined exactly at an angle of 45° with respect 
to the laser beam direction. The first beam splitter BSl splits the incoming collimated 
beam into two equal parts, the transmitted and the reflected beams. The transmitted 
beam (2) is labelled as the test- beam and the reflected beam (1) as the reference beam. 
The test beam passes through the test region where the convection process is in progress. 
It is reflected by the mirror M2 and recombines with the reference beam on the plane 
of the second beam splitter (BS2). The reference beam undergoes a reflection at mirror 
Ml, passes through the reference-cell unaltered and is superimposed with the test beam 
at BS2. The two beams on superposition at the second beam splitter BS2, produce an 
interference pattern. This pattern contains the information of the variation of refractive 
index in the test region with respect to the reference. For measurements in liquids, 
a reference chamber is required to be included with the interferometer to compensate 
for refractive changes under isothermal conditions. Therefore, a reference cell (RC) has 
also been utilized in the present work. The mirrors and beam splitters employed in the 
present configuration are of 150 mm diameter. The beam splitter has 50% reflectivity 
and 50% transmitivity. The mirrors are coated with 99.9% pure silver and employ a 
silicon dioxide layer as a protective layer against oxidation. 

The Mach-Zehnder interferometer can be operated in two modes, namely (a) In- 
finite fringe setting and (b) Wedge fringe setting. In (a) the test and reference beams 
are set to have identical geometrical path lengths and fringes form due to density and 
temperature changes alone. Since each fringe is a line of constant phase, it is also a line 
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Figure 3.6; Schematic drawing of the Mach-Zehnder interferometer. 


of constant refractive index, a line of constant density and hence temperature and hence 
an isotherm®. It can also be shown that the fringe thickness is an inverse measure of the 
local temperature gradient (being small where gradients are high). The infinite fringe 
setting is employed for high-accuracy temperature measurements in the fluid. In (b), 
the mirrors and beam splitters are deliberately misaligned to produce an initial fringe 
pattern of straight lines. When a thermal disturbance is introduced in the path of the 
test beam, these lines deform and represent the temperature profiles in the fluid. The 
wedge fringe setting is commonly employed for heat flux measurements. 

3.5.2 Shadowgraph 

Shadowgraph is also an optical technique for measurement of rates of heat and mass 
transfer in the flow field. It is a single beam technique. Here, the reduction in light 
intensity with beam divergence is employed. Specifically, the shadowgraph measures the 
\'ariation of the second order derivative of the index of refraction normal to the direction 
of propagation of the light beam. In the present work, the shadowgraph images of the 
deformed interfaces have been captured through the interferometer itself. The deformed 
interfaces of the fluid layers were imaged by blocking the reference beam. In effect the 

'’This statement is strictly true for two dimensional field. In three dimensional fields, fringes are lines 
of constant line-averaged temperature. 
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full image can be understood as shadowgraph of the convection pattern. Quantitatively, 
the intensity distribution is to be interpreted as the distribution of the Laplacian of the 
temperature field (Goldstein, 1996). 

3.5.3 Laser source 


A 35 mW, continuous wave (632.8 nm) He-Ne laser (Spectra Physics) is employed as 
the coherent light source for the interferometer. This laser is sturdy in construction, 
economical and stable in operation. The original laser beam is of 2 mm diameter. A 
spatial filter is required to expand the beam to any convenient size. In the present study, 
the expanded beam diameter is 72 mm. The spatial filter is a lens-pinhole arrangement 
with two adjustable screws. The distance between the pin hole and the lens is also 
adjustable. These screws determine the inplane location of the pin-hole and have to be 
adjusted so that the small laser beam is focussed on the pin-hole and the outgoing beam 
is expanded. A plano-convex lens has been used to produce a collimated beam for the 
experiments. The specifications of the laser used in the present study is given in Table 
3.8. 


Table 3.8: Specifications of the Helium-Neon laser. 


Make 

Spectra-physics 

Model 

Spectra-physics 127 

Output power 

60 mW (maximum), 35 mW average output 

Wavelength 

632.8 nm 

Color 

Orange red 

Coherence length 

20 cm - 30 cm 

Power consumption 

ss 1.0 kW of electrical power 

Efficiency 

0.01 - 0.1 % 

Beam diameter 

1.25 ± 0.10 mm 

Beam divergence 

0.66 ± 0.06 mrad 

Amplitude noise, 10 Hz -2 MHz 

<1% rms 

Amplitude ripple, 45 Hz -1 kHz 

< 1% rms 

Life time 

Ks 20000 hours of operation 


3.5.4 CCD camera 

A CCD (charged coupled device) camera (Pulnix, model: T5 565) of spatial reso- 
lution of 512 X 512 pixels has been used to capture the interferometric images . The 
interferogram formed at the second beam splitter of the Mach-Zehnder interferometer 
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is projected over a screen. The selection of the screen and collection of interferomet- 
ric images from it form important steps since the clarity in the images will reduce the 
uncertainty in the subsequent calculations. For this purpose a tracing paper has been 
used to display the interferometric images. The attenuation of the laser beam through 
the thickness of the paper was found to be small. It was observed that two screens used 
together when physically disturbed led to distinctly clear images on the video monitor. 
This effect can be understood as a spatial averaging of the image over the two screens 
which makes the fringe pattern appear as smooth and clear. The CCD camera is con- 
nected to a PC-based image processing system through an 8 bit A/D card (PIP 1024 
MATROX). The fringe pattern is stored in an integer matrix form with intensities 
varying between 0 to 255 (the gray scale), where 0 indicates black and 255 indicates 
white. With the present set up the image acquisition speed is at video rates, namely 
50 frames per second. The output of the CCD camera is projected to a high resolution 
video monitor to visualize and focus the fringe patterns. 

3.5.5 Pneumatic isolation mount 

The optical components of the interferometer are extremely sensitive to vibrations. This 
was experienced during experiments from the fringes that formed on the screen. To 
avoid ground vibration from reaching the optics, the entire interferometer has been 
supported by four pneumatic isolation mounts (Newport Corporation). These mounts are 
connected to an air compressor for pressurization. Once the mounts are pressurized the 
entire interferometer floats over the mounts. This stabilizes the interferometric images 
and facilitates image acquisition. An air compressor of rated capacity 11 bar is used 
throughout the experiment to pressurize the mounts. The operating pressure for the 
mounts was rated at 3 bar. Hence a regulator valve was used to supply air to the 
mounts at the right pre.ssure. The compressor was located sufficiently away from the 
interferometer to protect it from vibrational noise. 

3.5.6 Constant temperature bath 

The top wall of the cavity was cooled and the bottom wall heated by pumping water 
continuous^ from constant temperature baths. Special attention was given to ensure 
that isothermal conditions prevailed at the aluminium and copper plates respectively for 
the rectangular and the axisymmetric test cells. This was achieved by circulating a large 
volumetric flow rate of water. Specifically, the temperature drop between the incoming 
and outgoing fluid on both the hot and the cold side was found to be negligible. To lower 
the plate temperature below the ambient value a constant temperature bath (Huber, 
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model: variostat) was employed. The specification of the constant cold temperature 
bath is given in Table 3.9. For the hot surface, a constant temperature bath (Raagaa, 
model: cryostat) of the specifications mentioned in Table 3.10 was used. 

Table 3.9: Specifications of the constant cold temperature bath (Huber model: variostat). 


Operating temperature range 

-30°C to 150°C 

Temperature stability at -10°C 

0.01 K 

Temperature adjustment 

Digital 

Temperature indication 

Digital 

Temperature sensor 

ptlOO 

Force pump capacity 

10 liters/min (max) 

Suction pump capacity 

7 liters/min (max) 


Table 3.10: Specifications of the constant hot temperature bath (Raagaa model: cryo- 
stat) with proportional digital indicating controller. 


Operating temperature range 

ambient to 80°C 

Capacity 

50 litres 

Resolution 

± 0.01 K 

Temperature adjustment 

Digital 

Temperature indication 

Digital 

Temperature sensor 

ptlOO 

Force pump capacity 

5 liters/min (max) 


3.5.7 Temperature recorder 

The temperature of the aluminium and copper surfaces were monitored by K-type 18 
gage thermocouples. The ambient temperature was measured independently by a ther- 
mocouple. The thermocouples were in turn connected to a 30 channel recorder (San-Bi) 
through out the experiment. The specifications of the temperature recorder used in the 
present study are listed in Table 3.11. 


3.6 Alignment of the interferometer 

Before the start of the experiment the interferometer has to be aligned. The alignment is 
carried out individually for the diflferent fluids selected for the experiments. The initial 
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Table 3.11: Specifications of the multi-channel Temperat ure Recorder. 


Make 

NEC San-ei Instruments, Ltd. 

Model 

8H10 

Display 

Digital 

No. of channels 

30 

Measuring range 

-200°C to 1370°C 

Resolution 

0.1 K 


alignment of the interferometer is not disturbed greatly from one experiment to the other 
for a particular combination of fluid layers. However, some fine tuning is essential to 
ensure that the interferometer operates at its highest sensitivity. The initial alignment 
of the interferometer is carried out as per the following steps. 

1. The light output of the spatial filter is adjusted so that the diffraction rings which 
appear with the expanded beam vanish. In most experiments, tlie diffraction ring 
formed a complete circle and remained at the periphery of the expanded beam. 

2. The laser power output is measured using a light meter. The change in the power 
output is not a transient phenomena but it decreases steadily with hours of oper- 
ation. In the present work, the laser output was in the range 30-32 mW over a 
period of two years. 

3. The location of the plano-convex lens is adjusted from the pinhole of the spatial 
filter so that the separation between the two is equal to the focal length of the lens. 
This produces a collimated laser beam needed for interferometric measurements. 

4. The optical components of the interferometer are adjusted till their centers fall 
on a horizontal plane. Once this is accomplished, the first beam splitter (BSl) 
is adjusted till it is exactly at 45° to the incoming light rays. All the remaining 
optical components are then made parallel to each other by adjusting them one at 
a time. The mirrors and beam splitters are of 150 mm diameter, and the expanded 
beam of 72 mm diameter is made to pass through the central portion of the optical 
components. In the absence of the test and the reference cells, a clear infinite fringe 
field is obtained. 

5. Adjustment for the infinite fringe setting is delicate when the test and the reference 
cells are in position. Imperfections in mounting the optical windows show up at 
this stage. In the absence of the fluids within the cavity, except for air, the windows 
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can be aligned to generate the infinite fringe setting once again. It is quite difficult 
to realize the infinite fringe setting in the liquid phase compared to a gas. The 
alignment calls for moving the optical elements of the interferometer so that the 
path lengths of the test and the reference light beams are balanced. 

6. The interferometer is ready for use and temperature difference can now be applied 
across the cavity to start the convection process. 

In the infinite fringe setting, the initial field of view is one of complete brightness 
since the interference between the test and reference beams is constructive. The geo- 
metrical and the optical path lengths of the test and reference beams are then equal 
in the absence of any thermal disturbances in the path of the test beam. Owing to 
imperfect adjustment of the mirrors and beam splitters by screws movement the exact 
infinite fringe setting in a theoretical sense may not be realized. As the interferometer 
approaches the infinite fringe setting, the distance between the fringes increases and the 
number of fringes decreases. In the present work, the quality of infinite fringe setting in 
all the experiments met the standards set by the cavity filled with air; this is shown in 
Figure 3.7. To illustrate fringe formation in the infinite fringe setting, a candle flame was 
put on the path of the test beam and the interferogram was recorded. The candle flame 



Figure 3.7: Infinite fringe setting of the Mach-Zehnder interferometer. 

in the infinite fringe setting is shown in Figure 3.8. The fringes can be seen to corre- 
spond to isotherms around the candle flame. The wedge fringe setting is comparatively 
easier to set up. Here the initial fringes form due to deliberate misalignment between 
the optical components. The orientation of the fringes can be changed by adjusting the 
inclination of the optical components. Initially the fringes are adjusted so that they are 
almost straight. Figure 3.9 shows the initial wedge fringe setting of the interferometer 
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Figure 3.8: Candle flame seen in the infinite fringe setting of the interferometer. 



in air. If a thermal disturbance is introduced in the path of the test beam, the fringes 
get displaced to an extent depending on the nature of the temperature profile. Hence 
the fringes in the wedge fringe setting of the interferometer are rc])resentative of the 
temperature profile in the medium under study. The candle flame (experiment is shown 
in the wedge fringe setting mode in Figure 3.10. Here the fringes represent the tem- 
perature profile inside the flame. Note the symmetry in the temperature profile along 
the centerline of the flame. The infinite fringe setting in air-water, air-oil, and oil-water 
experiments are summarized in Figure 3.11 for the axisymmetric ca\dty. 



Figure 3.9: Wedge fringe setting of the interferometer. 
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Figure 3.10: Candle flame seen in the wedge fringe setting of the interferometer. 


In the rectangular cavity, projection data of the thermal field for only one view angle 
could be recorded in the form of an interferogram. The reconstruction of flow field from 


Figure 3.11: Infinite fringe setting in the axisymmetric cavity containing fluid layers of 
(a) air and water, (b) air and silicone oil, and (c) silicone oil floating over water. 


3.7 Recording interferometric projections 
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Figure 3.12: Definition of a view angle. 


a single projection is not possible in the frame work of tomography. Axial tomography 
requires the projection data from various angles for the field to be reconstructed. The 
axisymmetric cavity of the present work is designed to record projection data from 
different view angles. The definition of the view angle (9 is shown in Figure 3.12. The 
experiments were conducted by turning the axisymmetric test cell with reference to the 
light source. The position of the light source and the detector remained fixed in all the 
experiments. The experiments were conducted at view angles of 0, 45, 90 and 135°. For 
each angle, the size of the light beam covered 41% of the full width of the fluid layer 
(Figure 3.13). 



laser laser 


Figure 3.13: Schematic drawing to show projection angles of 0 (left) and 45° (right) for 
the nominally axisymmetric test cell. 


Chapter 4 

Data Reduction 


The experimental data obtained in the form of interferograms show fringe patterns in 
the two fluid layers within the cavity. The image data has to be analyzed for the deter- 
mination of parameters such as fringe temperatures, interface temperature distribution 
and the local and global heat transfer rates at the two walls. The evaluation of interfero- 
grams for the determination of the fringe temperature is discussed in the present chapter. 
The principles of interferometry with reference to the determination of the temperature 
field in the infinite fringe setting of a Mach-Zehnder interferometer have been presented. 
The fringes in the interferograms have been identified as isotherms, or isofunctions in 
the more general three dimensional context. To extract information from the recorded 
fringes, the interferograms have to be processed and interpreted in terms of temperature 
and the heat transfer rates. Image processing techniques become important in this con- 
text. The present chapter also addresses the issue of reconstruction of three-dimensional 
temperature field from its interferometric projections using principles of tomography. 
Lastly, the expected level of uncertainty in the experimental data has been discussed. 


4.1 Interferometry 

In the absence of any thermal disturbance, the optical path difference between the test 
and the reference beam is zero in the infinite fringe setting. Hence interference is con- 
structive and a bright field-of-view is obtained. The image obtained is practically fringe- 
free (Figure 3.7) but may show imperfections associated with the spatial filter and the 
interferometer optics in the form of a single broad fringe^. When nonisothermal condi- 
tions prevail in the path of the test beam (for example, a candle flame) each ray of light 

^The influence of a single fringe in the initial infinite fringe setting on the experimeJ I' 1 record was 
found to be negligible. 
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undergoes a change of phase, depending on the extent of change of the refractive index of 
the medium. Hence an optical path difference is established between the test and the ref- 
erence beams, resulting in a fringe pattern (Figure 3.8). In the wedge fringe setting, the 
optical components (primarily BS2, in Figure 3.6) are deliberately misaligned to produce 
a set of line fringes of any convenient spacing (Figure 3.9). In the presence of a thermal 
disturbance the fringes would be displaced towards regions of higher temperatures, thus 
producing a fringe pattern that resembles the temperature profile itself (Figure 3.10). 

In the present chapter, attention is restricted to image patterns that form in the 
infinite fringe setting of the interferometer. Here, the test beam records information 
about the variation of the refractive index of the fluid with respect to a reference en- 
vironment. To make temperature measurement possible, the refractive index variation 
must be related to that of temperature. The relationship between the refractive index 
n and temperature T is established as follows. For a homogeneous transparent medium 
such as water, the Lorenz- Lorenz relationship (Goldstein, 1996): 


= constant (= C) 


(4.1) 


holds. This gives 

^ ^ C{ri^ + C) 

dp 2n(l - Cp) ^ 

Provided the change in the refractive index in a given experiment are small, the right 
hand side of Equation 4.2 is a constant for a particular liquid. The index of refraction 
of a liquid is thus primarily a function of density and hence temperature. In view of 
Equation 4.2, the relationship is practically linear. 

For gases, I and Equation 4.1 simplifies to the relationship 

n- 1 . 

= constant (4.3) 

P 

Equation 4.3 is called the Gladstone-Dale relation. It follows that dnfdp = constant. For 
moderate changes in temperature, typically < 20 K and nearly uniform bulk pressure, 
the gas density varies linearly with temperature as^ 

p = Po(i-/3(r-ro)) (4.4) 

It follows that dn/dT is also a constant, being purely a material property. In summary, 
changes in temperature simultaneously result in changes in refractive index of the fluid 
Here, the dependence of density on pressure has been taken to be of secondary importance. 
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medium. From principles of wave optics, it results in changes in the phase of the wave. 
This is the origin of fringe formation in the interferometric images. Direct measurements 
of the refractive index as a function of temperature show that the value of dn/dT in air 
and water at 20°C and 1 atm for a wavelength of 632.8 nm (as in the present work) are 
-0.927 X 10“® and —0.880 x 10“^ respectively (Goldstein, 1996). 

If temperature differences within the physical region being studied are large, three 
factors arise which limit the usefulness of interferometry. These are: (1) the linearity of 
the relationship between density and temperature, (2) the linearity between density and 
refractive index, and (3) beam deflection due to a refractive index gradient. These factors 
complicate the data reduction process and make interferometry more of a qualitative 
tool. However, fringes continue to form and images can be used for flow visualization. 
In the present study, temperature differences between the test section and the ambient 
are small and the linear relation between refractive index, density and temperature has 
been taken to be valid. 

Let n(x, y) and T{x, y) be the refractive index and temperature fields respectively 
in a two dimensional physical domain. With reference to the test cells in Figures 3.1 and 
3.2, X and y form the vertical plane, while the z-axis is in the horizontal plane parallel 
to the direction of propagation of light. Let no and Tq be the reference values of n and 
T respectively as encountered by the reference beam. Let L be the total geometric path 
length covered by the test beam within the experimental chamber. The interferogram is 
a fringe pattern arising from the optical path difference (Hauf and Grigull, 1970): 

APL{x,y)- [ {n{x,y) ~ no)ds (4.5) 

Jo 

which in terms of temperature is 

APL(x.y) = ^ - T„)ds (4.6) 

The integral is evaluated along the path of a light ray given by the coordinate s. Neglect- 
ing refraction effects, this path will be a straight line (coincident with the coordinate z) 
and the integral evaluation is greatly simplified. The fringes seen on the interferogram 
are locus of points that have equal optical path differences. Hence on any given fringe 
the optical path difference APL is a constant and 

APL 

I (nx,!/)-T„)d.= 5;^ = constant 

f T{x, y)ds - TqL = constant 
0 


Hence 
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The integral J^T{x,y)ds is defined as TL, where T is the average value otT{x,y) 
over the distance L traversed by the laser beam through the test cell, In the absence 
of refraction, this is also the line integral of the function T{x,y,z), in the z-direction. 
Hence, over a fringe 

L[T -Tq) = constant (4,7) 

In the infinite fringe setting Equation 4.7 holds good for all fringes. When refraction 
eftects are small, the distance L is equal to the size of the test cell in the direction of 
propagation of light. Hence L is constant for all the rays. Equation 4.7 then implies that 
r is a constant over the fringe and hence each fringe represents a locus of points over 
which the the average of the temperature field determined along the direction of the ray 
is a constant. For a two dimensional field T{x,y), fringes would also be isotherms. 


Consider a geometry where the length of the ray through the test cell changes for 
each ray. The line integral of the function T{x^y) (= 7'’2) at a location which corresponds 
to a length can be given in terms of the line integral of the hinction T[x, y) (=Ti) at 
some other location corresponding to a ray length of L\ as 

5I = To + ^(2\-To) (4.8) 

Since the change in the path length per fringe shift is a constant, the temperature drop 
per fringe shift is also a constant. Defining the function L{T — To) in Equation 4.7 as 
J{T,L), the fringe temperature on two successive fringes for a given value of L can be 
obtained as: 


fringe 1: 
fringe 2; 


/i(r,T) 

/2(T,L) = 


APL 
~ fin/dT 
(A + APL) 
(in/ dT 


where A is the wavelength of the laser used. Here, the approximation Li = Li = L (no 
refraction) has been. used. From these two equations, the temperature drop per fringe 
shift can be calculated as 

Ar. = i(/,(r.L)-/,(r.L)) = ^ (4,9) 

Following Equation 4.5, the individual fringes reflect the equation 

and hence the line integral of the temperature field. The set of all line integrals (an 
interferogram, in the present study) defines a projection of the temperature field. The 
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interferograms can be numerically evaluated so that the left side of the above equation 
is a known quantity for each fringe. The mathematical problem now is one of solving 
for the temperature field from its projections. If the original field is three dimensional, 
its projection is a field in a dimension reduced by unity, namely two. It is theoreti- 
cally possible to record a large number of projections of the test field at various angles 
and reconstruct the original temperature function with accuracy. This process of three 
dimensional reconstruction from two dimensional projections is called tomography. 


4.1.1 Refraction effects 

The presence of a strongly refracting field can modify Equation 4.9 for the temperature 
difference between successive fringes. In the present context, a strongly refracting field 
will arise when a large transverse temperature gradient is encountered; Alternatively, 
a fluid such as silicone oil can also lead to a large refraction of the light beam. Under 
these circumstances, the light ray will not travel in a single horizontal plane. Specifically, 
depending on the magnitude of the temperature gradient, the ray will bend in the ver- 
tical plane. Refraction will thus introduce an additional path length to the test beam. 
Refraction effects can be precisely computed and accounted for. The extent of refrac- 
tion determines the type of the three dimensional reconstruction algorithm that can be 
used in a particular experiment. In the present work, reconstruction has been applied 
under circumstances when refraction errors are negligible. With this approximation, a 
sequential plane-by-plane reconstruction approach was possible. Beyond a particular 
temperature gradient, whose magnitude depends on the choice of the fluid, the quality 
of interferograms was adversely affected and assigning temperatures to fringes Avas not 
possible. 

An estimate of the increase in path length due to refraction is developed here. 
Consider the path of the light ray AB through a test cell (Figure 4.1) when it is affected 
by refraction effects. Let a be the bending angle at a location P of the test cell. The 
optical path length from A to B is given by (Jenkins and White, 1981 ): 

AB = 



Here y is a coordinate parallel to the gravity vector and z is parallel to the direction of 
propagation of light. The length of the test section in the 2 r-direction is indicated as L. 
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Figure 4.1: Calculation of the bending angle of a light ray due to refraction effects. 

Assuming a to be small, cos a can be expressed as 

cosa = (1 — 

Using the first two terms of the binomial expansion, one can approximate 

COSCK PS 1 — 

Hence the optical path length is given by 

AB = J n{x,y,z){l-Y)~^<iz 

(4.10) 

The angle a{z) at any location z can be calculated as described below. 

Consider Figure 4.2 where two wave fronts are at times r and r + Ar as shown. 
At a time r the ray is at a position z. After a time interval of Ar, the light has moved 
a distance of A^:. Hence 

Az = Ar~ 
n 

rvhere Cq is the velocity of light in vacuum. There is a gradient in n along the y direction. 
The gradient in n results in a bending of the wave front. The distance A‘^z is given by 

A^z = 


Az„ — Az. 


■y+A!/ 

Azy — Azy A (Az)Ay, 

-cA/AiMArA!, 
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Let Aa represent the bending angle at a fixed location z. For a small increment in the 
angle, Acv can be expressed as 


Aa 


, bP-z 
tanfAor) = — — 
Ay 

A[l/n(a;,y,2)] 


-co- 


Ay 


At 


— —n[x,y,z)Az 


A[l/n(3:,y,^)] 

Ay 


(4.12) 


In the limiting case 


da = 


dn{x, y, z) 


dz 


n(x,y,z) dy 

Hence the cumulative bending angle at any location along the 2 axis is 

1 dn{x,y,z) 


(4.13) 


a{z) = 


k dy 


-dz 


1 dn{x,y) 

2 

n{x, y) dy 


where l/n{x, y) and dn{x, y)/dy are the average line integrals along the path of the ray 
over a distance 0 to z. 


Wave front (after time At ) 



_\ 

Fluid layer — — — 
0 

Light ray 


yi 





Z 


,L\ 

Az 

A^z: \ 


Wave front (initiaD 


Figure 4.2: Bending of a light ray in the fluid medium due to refraction effects. 


From Equation 4.11 


n{x,y,z)(l + ~^{^?z^]dz 


_/ ^r , 1 r^\2r3 


AB 


(4.14) 

(4.15) 
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where n{x, y) is the average line integral of n(x,y) over the complete length L. Similarly 
the expression dn/dy represent average line integral of the transverse derivative of n over 
the length L. 


Tlie optical path of the reference beam is simply 


Reference path = 



nodz — no L 


(4.16) 


Hence the difference in the optical path length in the presence of refraction effects is 

1 r)Ti 

APL = n{x,y)L + =^{-riJ-noL 

6n{x,y) ay 


- {n{x,y) - no)L + 


6n{x,y) dy 








where Ti{x,y) represents the average line integral of the temperature field along the 
direction of the ray at a given point on the fringe. The corresponding ray over the next 
fringe corresponds to an additional path of A. Hence this can be written as 


dn,2 






where T 2 {x,y) represents the average line integral of the temperature field along the 
direction of the ray at a point on the next fringe. The successive temperature difference 
between two fringes is 


X = {n{x,y)-T,{x,y))L~ + 


dn 1 f ,dT 

dT Qn{x,y) dT \ dy 


I \2 I y. 




(4.17) 


and the temperature drop per fringe shift is 


at; = 



r dn 
^dT 


( 4 . 18 ) 


Since the gradient in the temperature field is not known before the calculation of the 
fringe temperature the factor (|T I 2 ) - (g K) must be calculated from a guessed tem- 
perature field. Thus, the final calculation of AT^ relies on a series of iterative steps 
with improved estimates of the temperature gradients. As an estimate, the temperature 
gradient can be replaced by its largest value, namely at the wall. A realistic estimate is 
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obtained by employing the average wall temperature gradient for location 1 and zero for 
location 2. The latter can be readily calculated using Nusselt number correlations. 

The number of fringes expected in a projection can be estimated from the relation 

Number of fringes = (4,19) 

ATj 

This equation is valid when (a) the refraction effects are negligible and (b) a single fluid is 
enclosed between hot and cold plates. In the present work, an interface is formed between 
the two fluid layers enclosed in the cavity. The interface acts as a free-slip boundary 
without a prescribed temperature. The average interface temperature at steady state 
can be obtained by applying the energy balance principle across the cavity. The value 
of ATe is a constant for a particular fluid and is known for a given set of conditions 
such as the length of the cavity and the wavelength of the laser. Hence the temperature 
difference in Equation 4.19 can be based on the respective hot or cold plate temperature 
with respect to the average interface temperature. 


The beam deflection 6 over a length Z, in a single fluid medium can be seen from 
Equation 4.15 to be proportional to 


5 




J_ ^ 2/^N2r 
6nMT^ 


3 


In terms of the average Nusselt number, this expression can be written as 

where the Nusselt number is itself a function of Rayleigh number, and hence the cavity 
height H and temperature difference AT. Employing a correlation of the form (Gebhart 
et ai, 1988) 


Nu = Nu (Ra, Pr) 

the beam deflection over a length L can be calculated from Equation 4.20. Estimates 
of 6 as function of the cavity temperature difference are presented in Tables 4.1 and 
4.2. A comparison of beam deflections in Tables 4.1 and 4.2 shows that refraction in 
silicone oil is significantly higher that in air and water^. Further, the refraction errors 
are more pronounced in the rectangular cavity than in the axisymmetric test-cell for 
all combinations of fluid layers. The reason for the difference is in the cavity length 


^For a cavity temperature difference of 10 K, the temperature drop across the water layer was around 
0.2 K. Hence refraction errors in water were much smaller that what is reported in Tables 4.1 and 4.2. 
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L, being 447 mm for the rectangular cavity and 120.7 mm for the axisymmetric test 
cell. Thus a higher temperature difference could be imposed in the experiments with the 
axisymmetric test cell for fluid combinations containing silicone oil, including air-oil and 
water-oil layers. 

Table 4.1: Comparison of refraction errors in air, water and silicone oil as a function of 
the temperature difference in the rectangular cavity. 


AT, K 

n 

dn/dT, K-' 

6, mm 

air 

water 

silicone oil 


1.000 (a) 

-0.927E-06 





1.333 (w) 

-0.880E-04 





1.402 (o) 

-4.165E-04 




10 



768x10-" 

64.3 

661 

15 



884x10-" 

67.8 

866 

18 



946x10-" 

76.8 

973 


Table 4.2: Comparison of refraction errors in air, water and silicone oil as a function of 
the temperature difference in the axisymmetric cavity. 


AT, K 

n 


(5, mm 

air 

water 

silicone oil 


1.000 (a) 

-0.927E-06 





1.333 (w) 

-0.880E-04 





1.402 (o) 

-4.165E-04 




10 



6.19x10“" 

5.18x10“^ 

5.33 

15 



7.12x10“" 

5.46x10-1 

6.98 

18 



7.63x10“" 

6.19x10-1 

7.84 


4.2 Evaluation of interferograms 


Thinned fringes rather than the fringe bands carry the essential information of the path 
integrated temperature field. Hence, to extract temperature profiles and heat transfer 
rates from the interferogram, the fringe skeleton rather than the original fringes is needed. 
For a three dimensional reconstruction of the temperature field, the line integral of the 
temperature field is required over a uniform grid so that tomographic algorithms can be 
applied. Consequently the calculation of temperature associated with the fringes is the 
most important step in interferometry. The methodology adopted for the calculation of 
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fringe temperature from a fringe skeleton is presented in this section. The technique has 
been discussed in the context of the Rayleigh-Benai^ experiment. 

For definiteness, consider the fringe distribution as shown in Figure 4.3. The upper 
and lower walls in the figure have known temperatures, while the interface temperature 
is unknown. It is possible that high temperature gradients near the wall produce a large 
number of thin fringes. Hence during the recording and processing of the interferogram 
a few near wall fringes could be lost. The loss of near wall fringes could be due to the 
finite resolution of the CCD camera, and followed by a loss of information during filtering 
and other image processing operations. The first fringe seen in a thinned interferogram 
near the wall will thus be of arbitrary order. One cannot assign a temperature to the 
fringes directly from the wall temperature by using Equation 4.9 though the wall itself is 
an isotherm. Even when no near-wall fringe is lost, assigning a temperature to the first 
fringe is not straight-forward since the wall (though an isotherm) need not be a fringe, 
i.e. a site for destructive interference. The following procedure has been adopted in the 
present work to derive temperature values at the fringes. 

I 

Cold 1 

Fluid 1 


Fluid 2 


y a 


Figure 4.3 

Two regions on the interferograms were selected, one where the fringes in the upper 
fluid 1 are close to the cold wall (marked I in Figure 4.3) and the other where the fringes in 
lower fluid 2 are close to the hot wall (marked II in Figure 4.3). Independent calculations 
were performed in both fluid layers to obtain the respective fringe temperatures in the 
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Interface 
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II 


Calculation of the fringe temperature from an idealized fringe skeleton. 
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interferogram. The interface temperature was also estimated using this procedure. The 
final interface temperature then allotted was the average of the two estimates obtained 
independently from regions I and 

The procedure adopted for assigning temperature to fringes in fluid 1 is given below, 
Consider the fringes marked 2, 3, 4 (region I) in Figure 4.3. Fitting a function of the 
type 

T{y) = a + by + cy‘^ (4.21) 

where y is a vertical coordinate, one obtains 

AT,, = T 2 - T 3 = b{y 2 - ys) + c{yl - yj) (4.22) 

AT,, = T, ~T, = b{y, - y,) + c{yl - yl) (4.23) 

These two equations solve for the constants b and c. Here, AT,, is the temperature 
change per fringe shift in fluid 1 and y is a local coordinate measured from the upper 
wall. 


The local wall temperature gradient is simply {dT ldy)y~y,. From Equation 4.21, 
this gradient can be expressed as {h + 2cyi). The gradient in the temperature field 
very near the wall is likely to be constant since conduction heat transfer is dominant, 
Hence the gradient in temperature field at the first fringe (fringe marked 2 in Figure 
4.3) is expected to be close to the gradient at the wall in region I. The gradient in the 
temperature field at the first fringe is ( 6 + 2 cy 2 ). The temperature gradient in the vicinity 
of the wall is allotted as an extrapolation step, the average of the two gradients. Once 
the gradient at the wall is known, the first fringe temperature near the cold wall can be 
calculated from Equation 4.21 as 

U = fe - !/i) + + + r, (4.24) 

Since AT ,, , the temperature difference between successive fringes is known, the subse- 
quent fringe temperatures are found out by simply adding the amount to the first fringe 
temperature where the sign of the temperature gradient is positive. Since the image is 
available in the form of an intensity matrix of integers, the above procedure for calculat- 
ing the fringe temperature can be implemented at any column. The column where the 
near-wall fringes are dense (as in regions I and II) is preferred for this purpose. Column- 
to-column variation in the computed fringe temperatures was found to be generally small 
for the interferograms recorded in the experiments. ' 

Admittedly, temperature varies over the interface. Unless otherwise specified, the interface temper- 
ature in the discussion pertains to its average value. 
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The above procedure can also be applied for assigning fringe temperatures in fluid 
2. Here, the first fringe closest to the hot wall is fringe number 7 (Figure 4.3). Thus T? 
can be calculated and subsequent fringe temperatures are found out by subtracting 
from the first fringe, since the temperature gradient in this zone is negative. The average 
interface temperature was determined from those of the fringes crossing the boundary. 


4.3 Temperature data over a grid 

Once the absolute fringe temperatures are obtained, this data must be transferred to 
a two-dimensional uniform grid over the fluid region. This is required to apply tomo- 
graphic algorithms for the reconstruction of the three-dimensional temperature field. 
Two dimensional linear interpolation has been carried over the entire thinned image by 
superimposing a two-dimensional grid on it. The grid has 32 points along the horizon- 
tal and 21 points along the vertical direction. Once the interpolation was completed, 
isotherms were drawn to represent the fringes in the original image. This was done to 
cross-check the error involved in interpolation. It was found that the temperature data 
on the grid follows closely the pattern of the original thinned image and interpolation 
errors were negligible. 


4.4 Image processing 

The information generated by the Mach-Zehnder interferometer is available in the form 
of interference fringes. The interferograms contain information about the temperature 
itself in two-dimensional fields. In three-dimensional problems, interferometry must be 
recorded at various projection angles and must scan the complete fluid domain. Tem- 
perature distribution can subsequently be determined by interpreting the interferometric 
images as path integrals and applying principles of three-dimensional reconstruction. To- 
mographic algorithms are applicable in this context. Tomography falls in the class of 
inverse techniques and its performance is characterized by a definite dependence on noise 
levels in the prescibed data. Specifically, errors in data can be amplified during the re- 
construction process. It is thus natural to examine the sensitivity of the reconstructed 
temperature field to uncertainties and errors that are intrinsic to image enhancement 
operations that are required while processing the interferograms®. For both two- and 
three-dimensional measurements, the fringe patterns thus have to be carefully analyzed. 

®The work of Mishra et al. (Optics and lasers in engineering, 1999) shows that the data reduction 
procedure does play an important role in quantitatively determining the reconstructed field. 
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The recording of fringe patterns using a CCD camera results in storing the images 
as a string of numbers in the form of a 512 x 512 matrix. Each number corresponds to an 
intensity level. In the present study, an 8-bit analog-to-digital converter was employed, 
Hence the resulting images are discretized into 256 gray levels. An intensity level of 0 
indicates black whereas 255 is white. Availability of the images on a gray scale is of help 
in data processing and the automation of the fringe extraction process. 

The fringe patterns recorded using the interferometer need to be converted first 
into temperature records. Quantitative evaluation of tlie interferograms requires that 
the fringe skeleton be determined. From the thinned fringes, temperalmre information 
can be generated since a fringe is an isotherm and the same temperature prevails over 
its entire length. This step requires the following operations; 

(1) processing of the fringe images (image processing); 

(2) identifying intensity minima within fringes (fringe thinning); 

(3) measuring distances between fringes and determining the fringe order in terms of 
temperature units (quantitative evaluation); and 

(4) transferring the temperature information available at the fringes to a .superimposed 
uniform grid (interpolation). 

In most experiments, these four steps are difficult since operations such as locating fringe 
minima and edges result in ambiguity. One of the factors that cause difficulty in image 
analysis is speckle, a form of noise. Elaborate procedures must be employed to remove 
speckle from interferometric images. Examples of filtering strategies are Fourier-flltering 
using band-pass filters, histogram specification and Laplacian smoothing (Gonzalez and 
Woods, 1993). The strategies involved in processing the interferograms from the initial 
stage as a digitized image to finally a fringe skeleton are discussed in the present section. 

Images of fringe patterns collected using the CCD camera and the A/D card tend 
to be noisy®. While a collection of fringes indicates a smooth wave-like variation of light 
intensity, experimental interferograms will have a superposition of higher harmonics of 
small amplitude. This is a source of ambiguity since it is now quite difficult to identify 
intensity maxima and minima. Noise is generated at different stages of the experiment: 
the imperfection of the optical components, noise in the CCD array, and digitization of 
the analog data. The flow and thermal fields under study also contribute to noise from 
edge effects due to refraction and nonuniform scattering and absorption. However, in the 
experience of most authors, speckle is the major source of noise in interferometry. It is 
a superposition of diffraction patterns over the basic interference image that constitutes 

Noise can be defined as extraneous and unwanted intensity variation which is superimposed over 
the useful portion of the data. 
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the signal in the present discussion. Speckle arises from imperfection of optical surfaces. 
The presence of microscopic unevenness on the surface of the optical elements leads 
to diffraction. The diffracted rays in turn interfere and generate local fringe patterns 
and corrupt the global intensity distribution. Thus speckle is characterized by high- 
wavenumber fluctuations in the intensity data. To recover the original intensity variation, 
there is a need to filter the image, remove noise and extract the signal. 

Image processing applications are required to remove the noise present in the images 
on one hand and enhance the quality of the images on the other. Further, in experiments 
fringes are bands of finite thickness, and isotherms are associated with the minimum or 
maximum intensity level within a dark or a bright band. The process of replacing the 
fringe bands by curves passing through minimum or maximum intensity locations is 
called fringe thinning. Hence, the next objective of image processing is the generation of 
a thinned image. Image processing operations in interferometry can be broadly divided 
into three categories: (a) filtering, (b) image enhancement, and (c) thinning. These 
operations described in detail by Mishra et al. (1998) are briefly reviewed below. 

4.4.1 Filtering of images 

Once the image is stored in digital form, it is available as a matrix of integers. These fall 
in the range 0-255 and represent light intensity at spatial locations on the image. Speckle 
can be removed using Fourier filtering, median filtering and averaging. However Fourier 
filtering has been seen to be best suited for interferometric fringes. Median filtering 
has been applied locally to an image for better smoothing as an operation after Fourier 
filtering. 

For the Fourier filtering operation, the image is first transformed to the wavenumber 
space with a two dimensional Fourier transform operation. Here the wavenumber is a 
spatial frequency, defined as the number of intensity cycles per pixel. Intuitively one can 
view the low wavenumber harmonics as information and those at a high wavenumber as 
noise. In the wavenumber space a two dimensional symmetric band-pass filter can be 
used to effectively set the high wavenumber components to zero. The size of the band- 
pass filter is decided by its ability to remove noise without appreciable loss of the signal, 
typically less than 5% . An inverse two dimensional Fourier transform restores the image 
in filtered form to the spatial domain. The symmetric! ty of the filter referred above is 
related to the problem of aliasing with discrete Fourier transforms. The decision on the 
size of the band pass filter has to be found by trial-and-error. Since the light source and 
optics employed for all the experiment were identical, the noise pattern in the images 
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The recording of fringe patterns using a CCD camera lesults in stoiing the images 
as a string of numbers in the form of a 512 x 512 matrix. Ii/ach number corresponds to an 
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The fringe patterns recorded using the interferometer need to be converted first 
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the fringe skeleton be determined. From the thinned fringes, temperature information 
can be generated since a fringe is an isotherm and the same temperature prevails over 
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(1) processing of the fringe images (image processing); 

(2) identifying intensity minima within fringes (fringe thinning); 

(3) measuring distances between fringes and determining the fringe orden- in terms of 
temperature units (quantitative evaluation); and 

(4) transferring the temperature information available at the fringcjs to a superimposed 
uniform grid (interpolation). 

In most experiments, these four steps are difficult since operations such as locating fringe 
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to be noisy®. While a collection of fringes indicates a smooth wave-like variation of light 
intensity, experimental interferograms will have a superposition of higher harmonics of 
small amplitude. This is a source of ambiguity since it is now quite difficult to identify 
intensity maxima and minima. Noise is generated at different stages of the experiment: 
the imperfection of the optical components, noise in the CCD array, and digitization of 
the analog data. The flow and thermal fields under study also contribute to noise from 
edge effects due to refraction and nonuniform scattering and absorption. However, in the 
experience of most authors, speckle is the major source of noise in interferometry. It is 
a superposition of diffraction patterns over the basic interference image that constitutes 

Noise can be defined as extraneous and unwanted intensity variation which is superimposed over 
the useful portion of the data. 
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the signal in the present discussion. Speckle arises from imperfection of optical surfaces. 
The presence of microscopic unevenness on the surface of the optical elements leads 
to diffraction. The diffracted rays in turn interfere and generate local fringe patterns 
and corrupt the global intensity distribution. Thus speckle is characterized by high- 
wavenumber fluctuations in the intensity data. To recover the original intensity variation, 
there is a need to filter the image, remove noise and extract the signal. 

Image processing applications are required to remove the noise present in the images 
on one hand and enhance the quality of the images on the other. Further, in experiments 
fringes are bands of finite thickness, and isotherms are associated with the minimum or 
maximum intensity level within a dark or a bright band. The process of replacing the 
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operations described in detail by Mishra et al. (1998) are briefly reviewed below. 
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Once the image is stored in digital form, it is available as a matrix of integers. These fall 
in the range 0-255 and represent light intensity at spatial locations on the image. Speckle 
can be removed using Fourier filtering, median filtering and averaging. However Fourier 
filtering has been seen to be best suited for interferometric fringes. Median filtering 
has been applied locally to an. image for better smoothing as an operation after Fourier 
filtering. 

For the Fourier filtering operation, the image is first transformed to the wavenumber 
space with a two dimensional Fourier transform operation. Here the wavenumber is a 
spatial frequency, defined as the number of intensity cycles per pixel. Intuitively one can 
view the low wavenumber harmonics as information and those at a high wavenumber as 
noise. In the wavenumber space a two dimensional symmetric band-pass filter can be 
used to effectively set the high wavenumber components to zero. The size of the band- 
pass filter is decided by its ability to remove noise without appreciable loss of the signal, 
typically less than 5% . An inverse two dimensional Fourier transform restores the image 
in filtered form to the spatial domain. The symmetricity of the filter referred above is 
related to the problem of aliasing with discrete Fourier transforms. The decision on the 
size of the band pass filter has to be found by trial-and-error. Since the light source ; 
optics employed for all the experiment were identical, the noise pattern in the irn 




corresponds to high wavenumbers. Filtering may thus result in a loss of contrast The 
visual appearance of a filtered image may not be good compared to the unfiltered image 
But the filtered image is definitely an improvement over the unfiltered image in term 
of the noise content. Image processing operations can be unambiguously applied to the 
filtered image. 
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Figure 4.7: Original and Fourier-filtered intensity distributions. 



Figure 4.8: Filtered Interferogram 
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enhancement and contrast improvement are essential for analyzing the interferograms. 
While various techniques are available in the literature for improving the images, the 
image enhancement techniques are problem-specific.The method of image enhancement 
for optical images generated from an interferometer may be completely different from 
the. images obtained from a shadowgraph. 

The techniques for image enhancement can be classified as spatial domain and 
wavenumber space methods. Spatial domain methods deal with the gray value at a pixel 
directly whereas the wavenumber space techniques manipulate the wavenumber spectra 
obtained from the Fourier transform of the image. The spatial domain enhancement 
techniques process the image over a point or a mask. Strategies that have proved to be 
useful for improving the appearance of the images are (Jain et al, 1989): (a) specification 
of probability density function, (b) median filtering and (c) edge enhancement. Figure 



Figure 4.9: Contrast-improved Interferogram 


4.9 shows a contrast improved image corresponding to the interferogram shown in Figures 
4.4 and 4.8. It has been obtained by the histogram equalization method. The image 
processing software GIMP^ available in the linux platform has been employed in the 
present work. 

Along with noise, the edges of fringes are also equivalent to the high wavenumber 
portion of the image spectrum because of the accompanying sharp change in the gray 
level. During Fourier-filtering, the high wavenumber part of the spectrum is set to zero 
and in this process some edge information is lost and the edges become blurred. Since 
the fringe thinning operations are carried out within the fringe band, a proper definition 
of fringe thickness is required. Hence the edges of the fringes need to be sharpened. An 
edge-enhanced image of Figure 4.9 obtained using GIMP is shown in Figure 4.10. 


’’Abbreviation for GNU image manipulation program. 
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Figure 4.10: Interferogram with sharpened edges (edge enhancement). 

4.4.3 Fringe thinning 

Fringe thinning is one of the most important operations in tlie extraction of quantitative 
data from interferograms. Fringe thinning is a process of extraction of the set of points 
of minimum or maximum intensities in the dark and bright bands of the fringes. When 
the interferometer is operated in the infinite fringe setting, each fringe is a locus of points 
having an identical path difference. This can be interpreted as follows; For rays having 
a certain path difference, the corresponding pixels in the interferometric image will have 
identical light intensity. One of the direct ways to locate a typical locus of points is to 
connect all minimum intensity pixels within a dark band or the maximum intensity pixels 
within a bright band. The intensity will be a minimum at a point of complete destructive 
interference and hence will have a zero intensity. Similarly, a maximum in intensity will 
appear at a point where interference is constructive. In experiments, the original as 
well as partially processed images have superimposed noise. lienee the distribution of 
intensity across fringes will exhibit ambiguity. Specifically, the minimum intensity will 
not strictly be a zero and the maximum intensity in 8-bit digitization will not be 255. 
Hence the strategy that has been employed is to trace the intensity minima within dark 
bands and maxima within bright bands, rather than search for points of known intensity. 
This is the closest approximation that can be achieved to track a series of pixels that 
have low or high intensities. When a laser is used as a light source, one must also take 
into account the overall Gaussian profile of the light output. Hence, determination of 
extrema in intensity becomes a local operation in the image domain. Subsequently, the 
locus of minima or maxima need to be connected within a fringe band across the width 
of the image, to get a curve on which temperature itself or a temperature-dependent 
function is a constant. It is clear that under experimental conditions, only intensity 
minima can be traced since intensity itself is not precisely defined. In practice, one 
observes a greater noise level in the high intensity regions, possibly related to device 
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saturation in the recording camera. This makes locating intensity maxima a difficult 
task. Hence, fringe thinning operations referred in the present work are related to the 
location of intensity minima in the dark fringe bands. 

Several fringe thinning methods are available in the literature. Most of the fringe 
tracing algorithms that have been suggested are problem-specific and cannot be accepted 
as being generally valid. A large number of published algorithms are based on edge de- 
tection by global thresholding but these are specific to a class of problems and appear 
to be inapplicable for interferometric images. In the presence of an non-uniform average 
level of illumination with superimposed noise, the task of automatic extraction of the 
fringe skeleton is difficult. This has been experienced even with the well-behaved fringe 
tracing algorithms given by Robinson (1983) and Krishnaswamy (1991) for interferomet- 
ric fringes and by Ramesh and Singh (1995) for photoelastic fringe patterns. Punnell 
(1981) has suggested an easy-to-implement but not a fully automatic technique to trace 
the fringes. This method is likely to yield good results for low-quality images. 

In the present study, an algorithm developed by Mishra et al. (1998) has been 
adopted for fringe thinning. This algorithm is automatic in the sense that no user input 
is required at any intermediate stage of the calculation. It is based on the actual two- 
dimensional gray level variations and the fringe skeleton is traced by searching along the 
minimum intensity direction while simultaneously maintaining connectivity of the points 
traced. In particular, the interferograms in air have been thinned using the algorithm. 
The fringe patterns obtained in water and oil phase tend to be quite dense due to their 
low values of ATg, the temprature drop per fringe shift. The thinning algorithm could not 
be used in the regions of high fringe density. The paint-brush option available in GIMP 
has been used for fringe thinning in water and oil layers. In this approach, intensity 
minima are located by eye judgement. The implementation of the two fringe thinning 
algorithms suitable for interferograms recorded using the Mach-Zehnder interferometer 
are presented in the following section. 


4.4. 3.1 Automatic fringe thinning algorithm 

The algorithm under discussion is similar to the one proposed by Funnell (1981), but in 
view of certain differences in the details, the full algorithm is presented below. However, 
it follows closely the proposal of Mishra et al. (1998). Once a single point is specified the 
present algorithm does not require user intervention while the tracing is in progress. It 
is in this respect the algorithm is fully automatic. It consists of tracing of the fringes in 
the direction of the minimum intensity. The direction is decided by using the intensity 
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information over a template of pixels. The computer code developed can run using 
different sizes of templates and handle complex fringe shapes. The input required for 
the code is the starting point for each of the fringes selected. 

The algorithm uses the following ideas: The direction of the tracings are defined as 
(a) forward and (b) backward (Figure 4.11). The turning of fringes by more than ±90" 
results in a change of direction and is a special case. Such areas of the fringes where 
a turning is encountered have to be pre-defined in the form of a rectangle covering the 
area. These cases are classified into four categories depending on the angle of turning; (a) 
while in forward direction turning backward up, (b) while in forward direction turning 
backward down, (c) while in backward direction turning forward up and (d) while in 
backward direction turning forward down (Figure 4,12). To locate the point of minimum 
intensity, eight directions of movement (1-8) are defined (Figure 4.13). The direction in 
which the minima should be searched is located by placing a template whose size is user- 
specified at the concerned pixel. The choice of size of the template is related to the fringe 
thickness. The near wall fringes in the present study were very thin owing to a large heat 
flux. Hence the choice of template size was limited to the minimum possible, namely a 
3x3 square. A larger template is likely to interfere with neighbouring fringes and is 
hence undesirable. However a larger template can be used when the fringe bands spread 
over several pixels. Use of 7 x 7 and 9x9 templates results in an average direction of 
minimum intensity and tends to produce a smooth tracing, Local unphysical variations 
in the traced fringe can be bypassed by using a template larger than 3x3. A 5 x 
5 template appears to be an optimal choice for interferometric fringes away from the 
heated and cooled surfaces. 


Forward 


Backward 


Starting point 

Figure 4.11: Two major directions for tracing of fringes. 

The direction in which the fringe is to be traced is determined as follows. The 
sum of the intensities in all the eight directions are computed and the two sequences 
of numbers along which the minima occur are searched. The directions producing the 
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Figure 4.12: Four possible 



turning options for fringes. 
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Figure 4.13: Eight possible directions for movement. 


minimum intensity sums are accepted as the minimum intensity directions within a fringe 
band. One of these is the previous direction already identified. Hence the new direction 
is the one along which the fringe curve has to be extended. In practice the two intensity 
sums may not be identical since the average intensity level of the image is not constant. 
Any given pixel will be connected to two neighbouring pixels in a thinned image. Hence 
the past direction of movement has to be preserved to decide the future connecting 
points. Because of residual noise present in the image, it is likely that a pixel may show 
two new directions in addition to its last movement. In such a case the sum of intensities 
that is closer to the previous direction is ignored and the second direction is accepted as 

the direction for the next movement. 
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The above algorithm can produce loops if precautions arc not taken. If a fringe 
is in the forward tracing mode and the special turning condition is not siipplicd, the 
fringe is forced to move in the specified direction of (1, 2, 3, 7 and 8 ) and not ( 4, 5 
and 6 ), the backward direction (Figure 4.13). Similarly dtiring backward tracing, the 
direction ( 1 , 2 and 8 ) is not allowed. If one of the directions that i.s not permissible during 
forward tracing is encountered as the final direction ol movement, a loop-like structure 
is formed. Tracing may not be completed in some cases. To avoid the formation of 
loops the nearest forward direction needs to be found iteratively, till one advances to 
the next pixel. This is accomplished as follows. Once a reverse direction of movement 
is encountered, the nearest possible direction is adopted in its place. For example, if the 
direction of movement is 4 while the tracing is in the forward direction, the direction 
nearest to 4 is 3. Similarly 7 can be replaced by 6 . If the direction found is 5, then both 
3 and 7 are equally likely. In such a case, tire most unbiased estimate to 5 is direction 1 . 

Reallotment of a direction as described above may result in a wrong movement, 
For example, the direction of movement identified may be one. of the. previously detected 
points on the thinned image. In such a case the above steps are repeated and the next 
closest direction is searched. If the new pixel located falls in one of the four special 
cases for turning, the image is rotated by 90° in the clockwise direction. Depending on 
one of the four cases, one may then have to move temporarily in forward or backward 
directions. During implementation, the code is prepared in a modular fashion to trace 
forward and backward fringes. Rotation of the image enables one of the modules to 
be used without any change in the marked areas of the fringes. The boundaries of the 
image, i.e. the window size are to be prescribed as an input to the computer code. On 
reaching the boundary, control in the computer code is transferred to the starting point 
so that the rest of the fringe in the opposite direction can be traced. 

The algorithm used for fringe tracing is summarized below: 

1. Initialize the thinned image as white (intensity 255). 

2. Read the image containing the interferogram including the boundaries. 

3. Read the starting point data for aU the fringes to be traced in the image. 

4. Specify the desired template size at the starting point, 

5. Specify the initial direction of movement to the right or left. 

6 . Obtain the intensity sums in the eight directions and identify the two directions for which 
the sums are the least. 

7. Start tracing in the direction of the minimum intensity. If it coincides with the previous 
direction, proceed along the next direction for which intensity sum is a minimum. 
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8. At the boundary, transfer control to starting point. 

9. Start tracing in the opposite direction till the boundary is reached. 

10. Assign a gray level of 0 to the traced pixels. 

11. Repeat the process for all the fringes. 

In the present work, the interferogram obtained in the air phase of air-water experiments 
in the rectangular cavity have been chosen to demonstrate the application of the fringe 
thinning algorithms. Figure 4.14 (a) shows the filtered and contrast improved image, 
while Figure 4.14 (b) shows the thinned image developed using the procedure given 
above. 


(a) 

Figure 4.14: (a) Filtered and contrast improved interferogram. (b) Thinned image ob- 
tained using the automatic fringe thinning algorithm. 




4.4. 3. 2 Paint-brush drawing 

This is a free-hand drawing technique where the midpoints within a dark band of the in- 
terferogram are approximately located and joined by a smooth curve. It relies entirely on 
eye judgement. The paint-brush utility available in the image processing software GIMP 
in the linux operating system has been employed in this study. The image containing the 
fringe curves and the original image are subtracted to get the fringe skeleton. Interfero- 
gram of Figure 4.4 obtained in the oil phase of air-oil experiments in the axisymmetric 
cavity have been chosen to demonstrate the paint-brush option. Figure 4.15(a) shows 
the thinned image after subtracting the original image from the fringe skeleton. The 
superposition of the original interferogram and the fringe skeleton is shown in Figure 
4.15(b). The paint-brush approach has the disadvantage of not locating the minimum 
intensity location. It can be advantageous under certain conditions since it does not 
require code development and is hence reasonably fast. 
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Figure 4.15: (a) Thinned image obtained by the paint-brush method, (b) Superimposed 
thinned image with original image. 


4.5 Local and global heat transfer rates 


Heat transfer rates at the top and bottom walls of the cavity have been reported in the 
present study in terms of the Nusselt number. It is defined as 


Nu = 


-ii dT 

That ~ T'cold 


(4.25) 


Here, H represents the layer height of the individual fluid layers. The derivative has been 
calculated by a one-sided, second order finite difference formula using the thinned fringes 
of the interferogram. This procedure is discussed in Section 4.2 of the present chapter. 
For calculating the Nusselt number at the cold top wall (fluid 1), Tkot is replaced by T/, 
the interface temperature in Equation 4.25. Similariy, for the hot wall (fluid 2), Tcoid is 
the interface temperature T[ for the estimation of Nusselt number. Thus the distribution 
of the local Nusselt number at the hot and cold walls can be calculated using Equation 
4.25 in the superposed fluid layers. This distribution is along the width of the cavity 
i.e. the rc-direction of the co-ordinate system. The average Nusselt number for the 
entire surface of the hot and the cold plates can be computed from the local Nusselt 
number by numerical integration. The average Nusselt number can also be obtained 
from the width- aver aged temperature profile of the projection data. Here the slope of 
the temperature profile at bounding planes corresponds to the average Nusselt number. 
In the present work, the average Nusselt number at the two surfaces have been reported 
in the cavities of rectangular and axisymmetric test-cell. The projection data obtained 
in the rectangular cavity includes the entire width of the cavity since the beam diameter 
(72 mm) is larger than the cavity width (32.1 mm). In the axisymmetric test-cell, the 
angular projections at each view angle donot contain the entire width of the cavity. It 
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is however expected that the average Nusselt number over the partial length will be 
representative of the entire width of the cavity. 

In the present work on superposed fluid layers, the average Nusselt number for each 
of the plates has been compared with the experimental correlation reported by Gebhart 
et al (1988). The correlation is based on independently conducted experiments on a 
single fluid in a horizontal differentially heated cavity. It has a large uncertainty band of 
around ±20%. Differences are to be expected with reference to the present study since 
the correlations are based on a single fluid layer, where the top and bottom boundaries 
are rigid no-slip walls, while in the two-fluid configuration, one of the boundaries is a 
fluid interface. The single fluid correlations of Gebhart et al. (1988) for average Nusselt 
number employed in the present work are summarized below. 


For air, the correlation is given by: 

1708 


Nu (air) = 1 ± 1.44 


1 - 


Ra 


± 


V5830 


, Ra < 10® 


where the square bracketed terms are set to zero if they are negative. 
For water, the correlation is given by: 


Nu (water) = 1 ± 1.44 
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(4.26) 


(4.27) 


For silicone oil, the correlation of large Prandtl number fluids namely 
Nu (silicone oil) = 0.089 Ra^^^ (Pr >> l,Ra < 10®) (4.28) 


has been selected. Once again, the square bracketed terms of Equation 4.27 are taken to 
be zero if they have negative values. The additional term for water suggested by Gebhart 
et al. (1988) is due to the appearance of thermals^ For Ra < 1708, the heat transfer 
across the fluid layers occurs by conduction and Nu=l. When applied to superimposed 
fluid layers, Rayleigh numbers in Equations 4.26-4.28 have been based on the temperature 
difference between the interface and the nearest solid boundary. Though the interface is 
not an isotherm, the temperature variation over most part of it was found to be smaller 
than 0.02 K, and hence negligible. Larger variation in the interface temperature was 
noticed adjacent to the side walls. 


^Intermittent plumes rising from a heated surface are called thermals. 
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4.6 Interface temperature from correlations 


The principle of conservation of energy can be applied for estimating the average interface 
temperature at steady state. With reference to Figure 4,3, we have 


heat conducted from bottom plate = heat transfer by convection in fluid 2 

= heat transfer by convection in fluid 1 
= heat conducted to top plate 

The thicknesses of the top and bottom surfaces are small and the material conductivities 
are quite high. Hence significant temperature gradients occur only in the fluid media. 
Using the simplified result we get; 


heat transfer by convection in fluid 2 = heat transfer b\' commetion in fluid 

h2{n-T,)A = h,{T,~T,)A 


1 

(4.29) 


where 


_ Nui/q 

d] 


(4.30) 


and 


h2 = 


NU2/t2 

(k 


(4,31) 


Here di and da a.re the characteristic dimensions of the fluid layers, namely their heights 
in the present calculation. In the case of cavity filled with fluid of equal layer heights, 
their characteristic dimensions are equal {di = di). In general, the energy balance 
equation can be expressed as: 


Nu 2 /c 2 (T,-T;) Nu,fc,(2)-7;,) 

IH 

Here, H is the total cavity height and / is the fraction of the layer height of fluid 2 with 
respect to total cavity height. The average Nusselt number in the Equation 4.32 can be 
substituted by the correlations given by Gebhart et al. (1988), Equations 4.26-4.28. For 
combinations of fluid such as air (fluid 1) and water (fluid 2), Equations 4.26 and 4.27 
can respectively be applied on left and right hand sides of Equation 4.32. The properties 
of fluids 1 and 2 have been evaluated at the average fluid temperature in the Nusselt 
number correlations. For a given cavity height and wall temperatures, one can calculate 
all the properties of the fluids, using a quadratic expression of the form 


y — oq + ctiT -f- (4.33) 

at the average fluid temperature^. The interface temperature can be computed from 
Equation 4.32 using the following algorithm; 

^Values of the coefficients ao, ai and aj for water and air are summarized in Table 4.3. For oil, the 
properties are assumed to be constant for the temperature range selected in the experiments. 
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1. Assume the interface temperature to be a value between Tc and T^. 

2. Compute the respective fluid properties, layer Rayleigh number and the layer Nusselt 
number. 

3. Estimate the interface temperature from Equation 4.32. 

4. Repeat steps 2 and 3 till convergence is attained in the interface temperature. 


Table 4.3: Values of constants for fluid properties of water and air. 


Fluid 

Water 

Air 

Properties 

ao 

ai 

0-2 

do 

ax 

C2 

P 

994.02 

-3.3630e-01 

-0.3954e-02 

1.167 

-0.3901e-02 

1.2943e-05 

Cp 

4.177 

-0.1588e-03 

1.7957E-05 

1.006 

3,8435e-05 

l,6452e-06 

P' 

7.1e-04 

-1.5678e-05 

2.2898e-07 

18.575 

0.4721e-01 

-2.7708e-05 

K 

0.625 

0.1348e-02 

-9.8594e-06 

26.43 

0.7746e-01 

-5.2806e-05 


3.4e-04 

8.7521e-06 

-4.8548e-08 

3.4e-03 

~5.52e-06 

2.31e-08 


4.7 Calculation of interface shape 

The geometrical shape of a fluid-fluid interface, its movement, and the static or dy- 
namic state of the contiguous bulk phases bounding it are each strongly dependent upon 
steep, fine-scale inhomogeneties in volumetric physical properties prevailing across the 
transition zone between the bulk phases (Edwards et al, 1991). The volumetric inho- 
mogeneties include for example, nonuniformities in the overall mass density of the fluid, 
species mass density, and shear viscosity fields, each rapidly varying in a direction nor- 
mal to the macroscopic interface. The consequences of large physical property gradients 
are dramatically illustrated by the example of a rapidly varying pressure field across a 
strongly curved interface. This microscopic pressure dififerences relate to the short-range, 
attractive forces within the interfacial zone. These are finally responsible at the coarser, 
scale, for the existence of a tensional force at the interface. Contrasting deformation of 
the interface by surface tension and buoyancy are depicted in Figures 4.16-4.19. 

Consider a horizontal liquid layer resting upon a solid surface that is heated relative 
to the film temperature. After a sufficient time, a steady-state is achieved wherein 
a temperature gradient is established across the thickness of the liquid film (Figure 
4.16). A mechanical disturbance or thermal fluctuations results in a small disturbance in 
velocity and temperature fields in the vicinity of the interface. Inhomogeneties in surface 
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temperature cause a variation of interfacial tension. The resulting interfacial tensi 
gradients cause fluid flow at the interface and the adjacent liquid layer. Consequently 


Interface 


/\ir 


Xci-npcrature, T 
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^ 

Temperature, T j 


Figure 4.16; A thin liquid film rests upon a heated solid surface. 
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the liquid from areas of low iatertacial tension are carried to those of high tension (Figure 
■ . lieu atory convection patterns are thereby created within the Him, with liquid 

r^g towards depressed areas of low tension and away from the raised areas of high 

rTooil example of Marangoni-driven instability (Edwards et 

r , ■ . be created in the bulk fluid, where 

the hqmd ruses towards centers of high elevation and descends away from the centers 

of depressed regions (Figure 4.19), This pattern is characteristic of bnoyancy-driveu 
instability in the fluid layer (Edwards et al, 1991). 

In the present work, an order-of-magnitude analysis revealed Marangoni effects to 
be only of secondary importance in comparison to buoyancy for the dimensions employed 
e appara us ( ohnson et al., 1999). Marangoni number can be calculated at the free 
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Figure 4.18: The interfacial tension gradients drive flow in the bulk liquid phase, creating 
cellular convection patterns. 
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Figure 4.19: The buoyancy driven instabilities generates flow in the bulk liquid phase, 
creating cellular convection patterns. 


surface of air-water as; 


Ma 


cttATcI 
fL a 


(4.34) 


Here, AT is the temperature scale considered at the interface of the fluid layers. The 
temperature scale used to calculate the Marangoni number is given by Shyy et al. (1996) 
as: 

Ar = 0.1x^d (4.35) 


where q^ax is the maximum value of the heat flux specified on the boundary, k is the 
thermal conductivity of water and d is the characteristic length scale representative of 
the meniscus. In the air- water experiments at AT = 18 K, the values obtained for Qmax-. 
k and d were 63 W/m^, 0.6251 W/m-K and 6.14 x 10"^ m respectively^®. These yield 
a value of AT = 0.036 K from Equation 4.35. Based on the properties of water, the 
Marangoni number can thus be calculated from Equation 4.34 to be 3.6. This is quite a 
^°The calculation of the shape of the meniscus is discussed in Appendix B. 
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small \'aluG when compared to the critical Marangoiii number of 79.60 needed to initiate 
convection (Dauby and Lebon, 1996). 

Small values of the Marangoni number were seen for other combinations of fluid 
layers as well. Marangoni convection can thus be neglected because of a negligible 
temperature gradient established at the interface for the fluids selected, the large fluid 
layer heights, that make buo 3 'ancy a dominant mechanism and large cavity widths, that 
diminish the surface curvature. It was observed in the present work that the depressed 
region of interface was correlated with a positive downward velocity and the elevated 
regions with a positive upward velocity. The dominance of buoyancy-driven convection 
was confirmed by correlating the orientation of the roll patterns in the interferogram 
with the deformed interface shape. 


4.8 Benchmarking 

The proposed experiments on superposed fluid layers such as air and water can be 
benchmarked by individually examining convection in the cavity filled with air and wa- 
ter. The present section discusses the experiments performed with a single fluid confined 
in a rectangular cavity of square cross-section. The results obtained in the form of an 
interferogram have been processed to quantitatively evaluate the temperature distribu- 
tion in the flow field and the heat transfer rates at the two walls in terms of the Nusselt 
number. The experimental values have been compared with the correlations of Gebhart 
et al. (1988) applicable for a single fluid confined in a cavity. Temperature contours at 
three different planes along the width of the cavity have been reported. The experimen- 
tally obtained interferograms have been compared Qualitatively with the numerically 
generated thermal field in Appendix B of the present thesis. 


4.8.1 Convection in a cavity filled with air 

The convection patterns in the square cavity of Figure 3.1 with air are shown in Figure 
4.20(a). In this experiment, the top surface temperature is kept at 16'’C and the lower 
surface temperature is 26°C. Thus the temperature difference of 10 K is maintained 
across the cavity. This leads to a Rayleigh number of 34,200 in air. In a two dimensional 
field, the fringes are isotherms; even otherwise they represent the nature of thermal field 
in the cavity. The spacing among the fringes near the wall are seen to be small compared 
to the mid-plane of the cavity. The spacing gradually increases towards the fringe edges. 
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Since each fringe is an isotherm, a small fringe spacing gives rise to a large local heat 
flux. The largest local heat flux at the cavity walls at steady state occurs around the 
mid-plane of the cavity. From Figure 4.20(a) it is clear that the isotherm spacings near 
the top and bottom walls of the cavity are less than the spacing in the central region 
of the test section. This is related to the fact that near the boundaries, diffusive heat 
transfer rates and hence the temperature gradients are higher. In the central region of 
the test section, conduction heat transfer is practically absent and the dominant mode 
of transport is advection. 


(b) 

Figure 4.20: Long-time isotherms (a) and the corresponding roll patterns (b) in a cavity 
filled with air; cavity temperature difference is 10 K. 

Flow develops in air in the form of a unicellular roll as shown in Figure 4.20(b). 
The fluid accelerates on one side of the mid-plane, reaches a maximum at this point and 
decelerates to small values on the other side of the cavity, as it approaches the side walls. 
The overall flow pattern in the cavity is hence unicellular with sense of rotation in the 
clockwise direction. The roll pattern in Figure 4.20(b) represents a velocity field that 
has resulted from the density gradient established in the fluid layer. 

Figure 4.21 shows the transient evolution of the thermal field in the cavity till 
steady state is reached. The interferograms were collected at regular intervals of 30 
minutes till steady state was reached. Since the cavity is small, the times required for 
the temperature of the walls to become constant and the flow to reach steady state are 
small. For early time (of less than an hour) the wall temperatures had not stabilized 
and the corresponding fringe patterns have not been shown. With the passage of time, 
the number of fringes increases till steady state is reached. Once the flow field is fully 
evolved, the fringe patterns were observed to be quite steady without any sideways 
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movements of the fringes. The movement of fringes was observed for higher Rayleigh 
numbers. Figures 4.21(d-f) show the truly steady state nature of the flow field. The 
number of fringes in the present experiment (= 8) are close to that estimated by the 
formula N ~ {Th — T^j di.%- 

The steady state variation of temperature is plotted as a function of the vertical 
distance in Figure 4.22(a) for three equally spaced columns along the width of the cavity. 
The columns chosen are xfW - 0.33, 0.50 and 0.67 respectively measured from the 
left side of an interferogram. Figure 4.22(a) actually shows the variation of the line 
integrals of the temperature field averaged over a horizontal plane as a function of the 
vertical coordinate. The line integrals are simply the temperatures as computed from the 
interferograms. Here, the abscissa is the non-dimensional temperature 9 = {T~Tc)l{T)i~ 
Tc), while the ordinate is the dimensionless distance y/H. Here y/H~0 represents the 
hot bottom wall and yjH~l is the cold top wall. The slopes of the curves at the top and 
the bottom walls are practically equal. It shows the formation of a thermal boundary- 
layer of constant thickness in the mid-region of the cavity. 

Based on the temperature profiles of Figure 4.22(a), the local heat transfer rates 
can be calculated at the hot and the cold walls. Heat transfer rates as represented by 
local Nusselt number can be obtained using Equation 4.25. Figure 4.22(b) shows the 
variation of local Nusselt number at the top and the bottom walls of the cavity. Here 
the x-coordinate is non-dimensionalised in terms of the width of the cavity as x/W. An 
important conclusion to emerge from Figure 4.22(b) is that the energy balance check is 
closely realized at the hot and the cold walls. The width-averaged Nusselt number at 
the respective walls can be obtained through numerical integration of the local values. 
The individual plate-averaged Nusselt numbers in air are 3.18 and 3.12 at the cold and 
the hot surfaces respectively of the cavity. This gives an experimental cavity averaged 
Nusselt number to be 3.15 in air. The cavity averaged Nusselt number has also been 
compared with the correlation given by Gebhart et al. (1988), Equation 4.26. The value 
of average Nusselt number as calculated fromEquation 4.26 is 3.17 for this case. The 
comparison between the present experiments and the published correlation is thus seen 
to be quite good. 

Convection in air as a function of Rayleigh numbers have been shown in Figures 
4.23(a-c). Temperature differences imposed across the cavity are 2, 4 and 7 K respec- 
tively. The corresponding Rayleigh numbers were 6380, 12,900 and 23,300. The images 
obtained vrere quite steady. 
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Figure 4.21: Transient evolution patterns in air for a cavity temperature difference of 10 
K; time interval between two successive interferograms is 30 minutes. 
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4.8.2 Convection in a cavity filled with water 

Expertoents in the cavity filled with water are reported irr the present section, T 
an e co walls of the cavity were maintained at 16 and 26“C respectively, t 
effective ‘™P«ature difference is 10 K. To get meaningfnl fringe patterns, it was fon. 

oessary to fill the reference chamber also with water. The Rayleigh number for t 
pre en experiment was calculated to be 1.7B+06. Interferograms were recorded 

becau.se 0*'“ state was to be seen. This is understandab 

because Hie Rayleigh number for the present experiment stretches well into the turbnle 

regime. Keeping m mind the low sensitivity of refractive index of water to tempera.u. 
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Figure 4.23: Steady state interferograms in a cavity filled with air; cavity based temper- 
ature differences are (a) 2 K, (b) 4 K, and (c) 7 K. 


one can anticipate a large number of fringes in water. Since the Rayleigh number is 
extremely high, the fringe patterns were seen to change rapidly. The long-time images of 
Figure 4.24 show that the flow is in the three-dimensional turbulence zone. In the present 
experiment, it was not possible to clearly identify the near wall fringes. Therefore, the 
local and hence the average wall heat transfer rates could not be calculated. Continuous 
fringes however could be seen in the middle of the test cell. A comparison in terms of 
the heat transfer rates is not possible between experiments and the correlations due to 
the absence of steady state in the water-filled cavity. 

The transient evolution of the fringe patterns depicting high turbulence in water 
was captured in a time interval of 5 seconds. These are shown in Figures 4.25 (a-d). The 
recording of interferograms was started once the two walls of the cavity were thermally 
stabilized in around two hours. The experiments continued for another 4 hours to explore 
the possibility of a stable structure, but no such result was obtained. 
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The long-lived interferograms in water for two cavity based temperature differences 
of 1.4 and 5.3 K are shown in Figures 4.26(a-b) respectively. The corresponding Rayleigh 
numbers obtained were 2.67x10® and 9.24x10®. An increase in the Rayleigh number led 
the flow to become highly unsteady. 



Figure 4.26: Long-time interferograms in a cavity hilled with water; cavity based tem- 
perature differences are (a) 1.4 K and (b) 5.3 K. 


4.9 Tomography 

The three dimensional temperature field can be reconstructed from its interferometric 
projections using principles of tomography. Tomography is the process of recovery of a 
function from a set of its line integrals evaluated along some well-defined directions. In 
interferometry, the source of light (the laser) and the detector (CCD camera) lie on a 
straight line with a test-cell in between. Further a parallel beam of light is used. This 
configuration is called transmission tomography in a parallel beam geometry (Herman, 
1980). Tomographic algorithms used in interferometry reconstruct two dimensional fields 
from their one dimensional projections. Reconstruction is then applied sequentially from 
one plane to the next till the third dimension is filled. 

Tomography can be classified into: (a) transform (b) series expansion and (c) op- 
timization methods. Transform methods generally require a large number of projections 
for a meaningful answer (Lewitt, 1983). In practice, projections can be recorded either 
by turning the experimental set up or the source-detector combination. In interferome- 
tr^f, the latter is particularly difficult and more so with the Mach-Zehnder configuration. 
With the first' option, it is hot possible to record a large number of projections, partly 
owing to inconvenience and partly due to time and cost. The limited projection data 
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available from interferometry can however be suitably increased for implementing the 
transform method for reconstruction. Limited-view tomography is best accomplished 
using the series expansion method (Censor, 1983). With limited data, the reconstruc- 
tion will not yield a unique solution, and the algorithms are expected to be sensitive to 
the initial guess of the field that starts the iterations. Optimization-based algorithms 
are known to be independent of initial guess, but the choice of the optimization func- 
tional plays, an important role in the result obtained. Depending on the mathematical 
definition used, the entropy extremization route may yield good results, while the energy 
minimization principle may be suitable in other applications. 

In measurements involving commercial grade optical components and recording and 
digitizing elements, the projection data is invariably superimposed with noise. Software 
operations such as interpolation and image processing can also contribute to errors in 
the projection data. Experience of Mishra et al. (1998) with interferometric experiments 
shows that the RMS noise level of greater then 5% can result in unphysical artifacts in 
the solution, if iterative methods are used. 

In the present work, the transform method is adopted for reconstruction of three- 
dimensional temperature field in an axisymmetric cavity. Convolution back projection 
(GBP) has been chosen as the tomographic algorithm in view of its established conver- 
gence properties. In situations when measurements for numerous projections over the 
total viewing angle of 180® are possible, the backpr ejection method is recommended. 
These methods are usually faster to compute and require less computer memory than 
the those using series expansion (Mayinger, 1994). 

AVith the present experimental setup, only four views were possible for generating 
the projection data. These are namely 0, 45, 90 and 135®. The projection data obtained 
at a view angle of 180° (fifth view) is identical to that of the 0® view angle. For each 
view angle, the size of the light beam covered 41% of the full width of the fluid layer in 
the cavity. This corresponds to a partial projection data that is captured in the central 
portion of the cavity. 

In tomography, the projection data required for reconstruction should be available 
for the full width of the flow field from each view angle rather than the partial width. 
This means that the light beam should scan the thermal field covering the entire width 
of the cavity for all view angles. In the present experimental configuration, it was not 
possible to scan the full width owing to the laser beam diameter (72 mm) being less 
than the total nominal diameter (130.65 mm) of the cavity. To overcome this limitation,, 
the projection data was increased by applying a suitable interpolation and extrapolation 
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schemes. In these schemes, the number of view angles was increased from 5 to 81 by 
linearly interpolating the experimental data available for the central portion^^ of the 
cavity. The obtained interpolated data still covers the partial width of the fluid layer. 
In order to scan the full width of the thermal field, a suitable extrapolation procedure 
was adopted. This extrapolation scheme was implemented with reference to a circle that 
closely approximates the shape of the axisymmetric test cell. For a circular geometry, 
the chord length of integration diminishes from the diameter of the circle at the center 
to zero at its edges. Thus, the sensitivity of the interferometric measurement is at its 
highest closer to the center, as compared to the sides. The drop in sensitivity is seen in 
the form of a drastic reduction in the number of fringes. Inverting this data to recover 
temperature is mathematically inappropriate. Tomographic algorithms such as CBP 
require projection data for the complete width of the fluid layer. The extrapolation 
procedure adopted in the present work comprises of assuming the temperature field to 
be spatially uniform outside the central core of 41%. Allowances for the change in the 
chord length are however included. This procedure is not expected to affect the quality 
of the original partial projection data obtained directly from the experiments. 

The projection data for each view angle should be consistent in terms of the average 
fluid temperature over a given plane of the fluid layer. In other words, the average 
temperature is constant for a given plane irrespective of the view angles. This check was 
enforced in the line integral data before reconstruction. 

The salient features of the CBP algorithm for reconstruction, as discussed by Her- 
man (1980) and Muralidhar (2002) in a review article has been presented in the following 
section. 

4.9.1 Convolution backprojection 

The convolution backprojection (CBP) algorithm for three-dimensional reconstruction 
classifies as a transform technique. It has been used for medical imaging of the human 
brain over the past few decades. Significant advantages of this method include (a) its 
noniterative character, (b) availability of analytical results on convergence of the solution 
with respect to the projection data, and (c) established error estimates. A disadvantage 
to be noted is the large number of projections normally required for good accuracy . In 
engineering applications, this translates to costly experimentation, and nonviability of 

^ This step does not increase the information content of the projections. ■ ... ■ 

^^It is clear that CBP is not the most suitable algorithm for data inversion of the present work. 
Iterative techniques such as ART will be explored in the future. 
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recording data in unsteady experiments. The use of CBP continues to be seen in steady 
flow experiments, particularly when the region to mapped is physically small in size. 
The statement of the CBP algorithm is presented below. 

Following Munshi (1997), let the path integral equation be written as 

p{s,e) = j^f{r,(j))dz (4,36) 

where p is the projection data recorded in the experiments and / is the unknown function 
to be determined by inverting the above equation. In practice, the function / is a 
field variable such as density, void fraction, attenuation coefficient, refractive index, or 
temperature. The symbols s, d, r, and (j) stand for the ray position, view angle, position 
within the object to be reconstructed, and the polar angle, respectively (Figure 4.27). 
The integration is performed with respect to the independent variable z along the chord 
C of the ray defined by s and 6. Following Herman (1980), the projection slice theorem 
can be employed in the form 


p(i?, 6) = /(i?cos(0), Rsm{0)) (4.37) 

where the overbar indicates the Fourier transform and R is the spatial frequency. The 
frequency R is the Fourier counterpart of the distance s. The use of the symbol R follows 
from the literature on medical imaging. In words, the projection slice theorem states the 
equivalence of the one-dimensional Fourier transform of p(s, 6) with respect to s and the 
two-dimensional Fourier transform of /(r, (p) with respect to r and (j). A two-dimensional 
Fourier transform of this theorem leads to the well known Radon transform 

roo 

f{r,(p)= / / p{R, 6)exp{i2mRr cos{d - (j)))\R\dRdd (4.38) 

Jo J — oo 

where 


p{R,6)— p{s,9)exp{-i2'KRs)ds (4.39) 

J — OO 

The first integral in the form given is divergent with respect to the spatial frequency R- 
Practical implementation of the formula replaces \R\ by W{R)\R\, where VF is a window 
function that vanishes outside the interval [— i?(,, The cut-off frequency Rc can be 
shown to be inversely related to the ray-spacing for a consistent numerical calculation of 
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Figure 4.27; Nomenclature for the convolution backprojection algorithm. 

the iiitegrah ' '■ When the filter is purely of the band-pass type, the Radon 

formula can be cast as a convolution integral (Ramachandran et al (1970)). 

/’TT roo 

/(r,<^)=/ / p{s,e)q{s - s)dsde (4.40) 

Jo J -oo 


where 


q{s) = 



\R\W{R) exp{i2iTRs) dR 


(4.41) 


and 


s' — rcos{9 — <j)) (4.42) 

The inner integral over s is a one-dimensional convolution and the outer in g , 
averaging operation over 6 is called back projection. CBP method is also known as the 
filtered back projection algorithm because of the filtering of the Fourier transform of the 
projection data, p by the window (or filter) W(R), Equation 4.41. The function q{s) 
known as the convolving function, is evaluated once and stored for repeated use 
ferent views (or different angles). This implementation of the convolution backprojection 

algorithm is commonly used in medical imaging. 
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In a practical implementation of the CBP algorithm, the function q{s) is determined 
in advance by numerical integration. Equation 4.40 is subsequently evaluated (once again 
by numerical integration) with p(s,0) replaced by Tlj, the depth-averaged temperature 
as a function of the ray number i and view angle j. In the present study, both i and j 
vary from 1 to 81. The reconstruction T*; is then available for the local temperature on 
a k X I grid spread over a square enclosing the circular cavity (Singh et al, 2002). 


4.10 Uncertainty and measurement errors 

Errors in the experimental data are associated with misalignment of the apparatus with 
respect to the light beam, image processing operations including filtering, thinning and 
assigning temperature of fringes. All experiments were conducted several times to es- 
tablish the repeatability of the fringe patterns. In the event of mild unsteadiness, the 
dominant pattern that prevailed for the longest duration was recorded. Errors related 
to refraction effects in case of water and specifically in silicone oil was found to be high 
and affected the interface location. 

Careful measures have been adopted to reduce the uncertainty involved in the 
experiments. Parallelism of the two opposite pairs of the optical windows for flow visu- 
alization was the issue related to the quality of the infinite fringe setting of the interfer- 
ometer, To acheive high parallelism, the horizontal and the vertical side walls that form 
the cavity were fabricated with a flatness of around 50 /xm. A reference template of the 
required cross-section was fabricated to check the constancy of the dimensions achieved 
throughout the length of the test cell. After assembly the rectangular cavity height was 
uniform to within ±1 mm over a length of 447 mm. The similar procedure was adopted 
in forming the reference cell placed in the compensation chamber of the interferometer. 
The overall configuration was quite parallel and was confirmed by the quality of infinite 
fringe setting during the experiments. 

Constancy of temperature on the two horizontal walls is a source of error in the 
experiments. Measures have been taken to maintain the two walls at their respective 
temperatures to within ±0.1°C during the experiments. The hot and the cold surfaces 
have been maintained at uniform temperatures by circulating a large volume of water 
from constant temperature baths. For the lower tank, tortuous path was created by 
installing baffles in the path of water. Due to increased interfacial contact area, the heat 
transfer was enhanced. Thus the distribution of temperature over the plate was uniform. 

Uncertainty in recording fringe patterns in air in the air-water experiments was high 
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due to the mist formation in the test cell. As the cavity was air-tight, evaporation from 
the water surface led to the formation of mist in the test cell. The mist was deposited 
over the optical window surfaces and obstructed the flow visualization of the thermal 
field inside the cavity. In particular, for temperature differences larger than 18 K, the 
mist formation was severe and the fringes could not be recorded. To reduce the mist 
formation at lower temperature differences, two holes of 3 mm diameter was drilled in 
the upper tank close to the optical windows. The holes were extended to the top wall of 
the cavity and were sealed during the experiments. Once the flow field stabilized after 
4 hours of experimentation, the seal was removed for a short period of time (5 min) till 
the mist gets disbursed in the environment prevailing outside the cavity. The holes were 
sealed again and the stable fringes were recorded. 

For single fluid experiments, the plate-averaged Nusselt number was found to be in 
good agreement with published correlations (Gebhart et al, 1988). Here the correlations 
were coupled to an energy balance calculation that required the energy transferred across 
any horizontal plane to be a constant at steady state. Differences are to be expected 
with reference to the present study on superposed fluid layers. In a single fluid layer the 
top and bottom boundaries are rigid no-slip walls, while in the two-fluid configuration, 
one of the boundaries is a fluid interface. Uncertainties noticed in the experiments in 
rectangular and axisymmetric (nominally circular) test cells have been presented in this 
section. 

In the rectangular cavity filled with air and water, the Nusselt number in air 
matched the correlation to within ±5% and in water it was within ±17%. The differences 
are higher in water as compared to air due to refraction errors and mild unsteadiness in 
the flow patterns. For the cavity 2/3rd filled with water at a Rayleigh number of 98,505, 
the variation in Nusselt number was the highest. Interface temperatures determined in 
the experiments were within ±4% for all layer heights reported in the air-water experi- 
ments. In air-oil experiments, high refraction errors were noticed in the oil layer beyond 
a temperature difference of 0.3 K imposed across the cavity. Nusselt number obtained 
in the oil at 0.3 K matched the correlation within ±8%. Interferograms in air for the 
air-oil experiments were recorded for higher temperature differences of 10, 15 and 18 K. 
The results show the Nusselt number to be within ±13% for all temperature differences 
and layer heights, expect for the case of the cavity l/3rd filled with oil (Ra(air)=:15,193), 
where the uncertainty increased to 19% due to time-dependent movement of fringe pat- 
terns in air. The interface temperature matched the correlations within ±5% for all 
Rayleigh numbers. In oil-water experiments, the Nusselt number in oil and water were 
within ±10% at low Rayleigh numbers. The interface temperatures were within ±3.5% 
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for all Rayleigh numbers reported. Results obtained in the present work can thus be 
taken to be quantitatively meaningful and are summarized in Chapter 5. 

In an axisymmetric test-cell, uncertainty due to refraction errors was smaller as 
compared to the rectangular cavity owing to smaller geometrical path length. In air- 
water experiments, fringe patterns obtained in water alone could be processed for gen- 
erating quantitative data. In air, the number of fringes formed were inadequate due to 
very high ATj value of 5.65 K. Interface Nusselt number compared with the correlations 
based on single fluid experiments matched on the water side within ±7% and ±12% 
respectively at lower and higher Rayleigh numbers. The interface temperature matched 
the correlations within ±1.5% for a.ll the Rayleigh numbers considered in the experi- 
ments. Nusselt number obtained at the hot wall for all projection angles and Rayleigh 
numbers were within an uncertainty band of ±2%. In air-oil experiments, Nusselt num- 
ber at the hot wall in oil and interface temperatures matched the correlations to within 
±5% and ±0.5% respectively for lower Rayleigh numbers obtained in the experiments. 
When Rayleigh numbers are increased further, the uncertainty in measurements became 
quite high due to (a) unresolved high density fringe patterns by the CCD camera (AT^ = 

0. 012 K) in oil and (b) high refraction errors near the hot wall. In oil-water experiments, 
the quantitative evaluation of fringe patterns was possible for the Rayleigh numbers of 
10,955 and 48,402 in oil. At higher Rayleigh numbers, only qualitative measurements 
were possible due to reasons (a) and (b) cited above. In the water layer, the fringe 
patterns showed mild unsteadiness at a Rayleigh number of 17,266. Thus only an in- 
stantaneous measurement of Nusselt number at the hot wall was possible. The Nusselt 
number matched the correlations within ±18%. Nusselt number in the oil phase at the 
interface region matched the correlations within ±4%, while the interface temperatures 
were within ±0.5% at a Rayleigh number of 10,955. With an increase in Rayleigh num- 
ber to 48,402, the uncertainty in measurements of Nusselt number increased to 16.5% 
possibly due to a few unresolved fringes near the wall. On the whole, the results obtained 
in an axisymmetric cavity for ail view angles can be taken to be quantitatively as well 
as qualitatively meaningful and are presented in Chapter 6 of the present thesis. 

Uncertainty can also arise due to the following edge effects: 

1. While scanning the temperature field using a laser, the test beam encounters a sudden 
change in temperature as it enters the fluid layer. This introduces a bending in the laser 
due to a large temperature gradient. The same effect is expected when the beam comes 
out of the test cell into the ambient. The bending of laser beam due to these changes in 
temperature gradients at the two ends will be equal and opposite under ideal conditions. 
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Hence theoretically the effect is nullified. In practice this may lead to a small error in 
the projection data. 

2 All the projections were recorded after the passage of sufficient time to avoid the 
thermal transients in the heated and cooled surfaces. However the time required for 
reaching the thermal equilibrium in the vertical insulated side walls is expected to be 
much larger, perhaps 10-12 hours. It is expected that the side wall heat fluxes decay 
rapidly within one hour. Hence, transients in the side walls do not interfere significantly 
with fluid motion in the cavity. 


Chapter 5 


Two-layer Convection in a 
Rectangular Cavity 

Experimental data on two-layer convection in a rectangular cavity are reported in the 
present chapter. The cavity has a square cross-section in the vertical plane and the cavity 
aspect ratio is 13.93 as shown in Figure 3.1. Fluid combinations considered are air-water, 
air-silicone oil and silicone oil-water. Layer heights of 1/3, 1/2 and 2/3 with respect to 
the cavity height have been studied. Temperature differences of 10, 15 and 18 K were 
applied across the cavity, in a destabilizing configuration. A few selected experiments 
with an additional temperature difference of 0.3 K were also conducted. Thus a wide 
range of Rayleigh numbers in the individual fluid layers have been explored. The range 
of Rayleigh and Prandtl numbers studied are summarized in Tables 3. 1-3.4 of Section 
3.3. 

Results have been presented with respect to the individual Rayleigh numbers of 
the fluid layers. The Rayleigh numbers have been calculated on the basis of the temper- 
ature difference between the nearest wall and the average interface temperature, along 
with the height of the fluid layer. The interface temperature can be determined from 
the interferograms. Alternatively, it can be estimated by applying the eneigy balance 
equation (Equation 4.32) for the individual fluid layers by calculating the average heat 
transfer coefficent for each of the heated surfaces. In this approach, the correlations given 
by Equations 4.26, 4.27 and 4.28 can be made use of. These equations are applicable 
only at steady state, and for cavities bounded by solid surfaces. They do not include an 
explicit dependence on the aspect ratio. Despite these limitations, the interface tempera- 
tures determined by the two approaches were found to be quite close and within ± 2% of 
the cavity temperature difference. The Rayleigh numbers referred in the present chapte 
are based on the interface temperature obtained from the energy balance approach. 
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The experimental data obtained in the form of interferograms have been interpreted 
in the present chapter to understand the influence of Rayleigh number on the steady 
thermal field, heat transfer rates at the walls and the nature of flow coupling between 
the fluid layers. Results are also presented for the interface deformation with increasing 
temperature difference across the cavity, and the nature of unsteadiness at large cavity 
temperature differences. 

5.1 Air- water experiments 

Interferograms recorded in the cavity containing superposed air-water layers are dis- 
cussed in the present section. The fringes are to be interpreted as contours of the tem- 
perature field averaged in the direction of the light beam, namely along the length of the 
cavity. For Rayleigh numbers below a certain value, the thermal fields in the individual 
fluid layers are two dimensional. The fringes would then coincide with the isotherms in 
the field. At higher Rayleigh numbers, the field is three dimensional, and the images 
donot carry strictly local information. The early experiments of Krishnamurti (1970, 
1973), summarized in Figure 2.1, reveal the regimes of Rayleigh and Prandtl numbers in 
which convection in a horizontal fluid layer is two dimensional, followed by three dimen- 
sionality and unsteadiness. For a cavity rectangular in plan, stability analysis shows that 
the rolls would be aligned with their axis parallel to the shorter side. Rolls oriented with 
axis parallel to the longer side are also possible under conditions discussed by various 
authors (Chapter 2). It is broadly to be expected that the interferograms of the present 
chapter represent the side view of the principal roll patterns in the cavity. To a first 
approximation, the flow patterns in the respective fluid layers can be assumed to follow 
the regime map of a single fluid corresponding to the Rayleigh numbers based on the 
layer height and the temperature difference with respect to the interface. 

In view of the higher thermal conductivity of water compared to air, the largest 
temperature drop in the cavity occurs in the air layer, and the interface temperature is 
quite close to that of the lower heated surface. The two fluid layers have their individual 
Rayleigh numbers, and the corresponding flow regimes can be expected to be distinct. It 
is thus possible for convection in one of the layers to be unsteady, while steady two/three 
dimensional flow prevails in the other. 

5.1.1 Cavity filled 2/3rd with water 

In this section, the convection patterns obtained in the rectangular cavity filled with 
water upto 2/3rd the cavity height have been presented. Fringe patterns for cavity tem- 
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perature differences of 10, 15 and 18 K are respectively shown in Figures 5.1(a,b,c). The 
corresponding roll patterns for the fringe patterns of Figures 5.1(a,b,c) have been shown 
respectively in Figures 5.1(al,bl,cl). In Figure 5.1(a), a temperature difference of 10 K 
is imposed across the cavity, the surface temperatures being 16 and 26°C respectively 
at the cold and the hot walls. Based on the correlations of Equations 4.26 and 4.27, the 
interface temperature was calculated using the energy balance criterion to be 25.80°C, 
while the experimentally determined interface temperature was 25.72°C. The Rayleigh 
numbers calculated on the basis of the former interface temperature are 1242 and 35,727 
respectively in the air and water layers. This indicates a higher driving buoyancy poten- 
tial in water compared to air. The relative strength of the driving forces can be explored 
in terms of the ratio Raa/Rai where, 2 represents the lower layer, and 1 is the upper 
layer. In Figure 5.1(a), the Rayleigh number ratio is 29. 

Even though the overall temperature difference taking place here is quite small, the 
fringes in the water phase can be seen to be quite dense. This is because the temperature 
drop per fringe shift ( AT^) is much smaller for water as compared to air, the values being 
0.016 and 1.527 K respectively. The higher Rayleigh number in water also indicates a 
more vigorous buoyant motion. This is confirmed by the greater displacement of the 
fringes, while those in air are almost straight^ The interferogram of Figure 5.1a was 
captured after an experimental run time of 4 hours, when the flow field was fully evolved 
and the fringe patterns were quite steady. Since each fringe is closely associated with an 
isotherm, regions of a small fringe spacing can be associated with a large local diffusive 
heat flux. In the wall region, the high fringe density represents a large local Nusselt 
number. 

In Figure 5.1(b), the temperature difference of 15 K was imposed between the two 
bounding surfaces. The cavity average temperature for this experiment was 23.5°C. The 
interface temperature was calculated to be 30.70°C, the experimental value after a con- 
siderable passage of time being 29.41°C. Accordingly, the Rayleigh numbers calculated 
in the air and the water layers were 1794 and 65,404 respectively. Mild unsteadiness was 
noticed in the water layer near the central region due to an increased buoyancy potential. 
In air, the flow was completely steady. Owing to fluid motion, the fringes were seen to 
develop a certain degree of curvature. The roll patterns in the water layer were seen 
to change between 2-6 rolls in time, revealing a degree of unsteadines as well as three 
dimensionality. The long-lived fringe patterns that emerged as the dominant mode have 
been shown in Figure 5.1(b). 


Tor a confined fluid layer, a Rayleigh number of less than 1708 indicates a no-flow, conduction state. 
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In Figure 5.1(c), the temperature difference imposed between the two surfaces was 
18 K. The estimated and the experimental values of the interface temperature for the 
experiment were 33.65 and 32.30°C respectively.. The Rayleigh numbers in the air and 
the water layers were calculated to be 2100 and 98,505 respectively. These numbers 
show an extremely high driving buoyancy potential in water as compared to air. In the 
experiments, convection in water showed significant unsteadiness, while that in air was 
quite steady. The number of rolls in the water layer was seen to change from 4 to 8; 
quite possibly the flow was three dimensional as well. 

In the portion of the cavity filled with air, the no-flow condition exists in Figure 
5.1(a), as the Rayleigh number falls below the critical Rayleigh number value of 1708. 
The isotherms are equally spaced with negligible curvature due to the complete dom- 
inance of diffusive over convective heat transfer. As the Rayleigh number exceeds the 
critical value. Figures 5.1(b-c), the flow develops in the form of a single cell. The fluid 
rises along the left wall and descends along the right wall. This gives a unicellular pat- 
tern in the cavity with a clockwise sense of rotation in the side view. In the water layer, 
the flow develops in the form of two and six counter-rotating rolls (Figure 5.1(al), (cl)) 
respectively with flow descending and four counter-rotating rolls (Figure 5.1(bl)) with 
ascending flow along the vertical axis close to the cavity center. The roll formed on the 
left side near the interface is quite strong as compared to that on the right side (Figure 
5.1(al)). The recirculating flow in water exhibits stronger convection compared to air. 
This is seen in the greater curvature of the individual fringes. The largest local heat 
flux at the lower cavity wall at steady state occurs near the inter-cell boundaries. The 
fringes are denser near the lower hot wall and the interface in comparison to the central 
region^. Dense fringes near the interface indicates the free surface to be a thermally 
active boundary. 

The presence of a convective field in the individual fluid layers leads to a coupling 
between them. Convective flow is absent in the air phase at the lowest temperature 
difference (Figure 5.1(al)), indicating a case of pure thermal coupling at the interface. 
An increase in the cavity temperature difference and hence the layer Rayleigh numbers 
results in flow to occur in air (Figures 5.1(bl), (cl)). The water layer exhibits buoyant 
motion for all the three temperature differences imposed across the walls. The appear- 
ance of a single roll in the air layer is quite similar to the pattern seen in an air-filled 
cavity (Figure 4.20). Convection in air is thus a result of a temperature difference be- 
tween the cold upper wall and the interface. The considerable difference in the velocity 

^Dense fringes near the lower solid wall shows the heat flux to be dominated by the diffusive com- 
ponent. In the central core, convective velocities reduce temperature gradients and the fringes have a 
greater separation. 
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Using the fringe patterns of Figures 5,l(a-c), the line-of-sight averaged tern 

ature profiles in the air and water layers of the cavity have been determined 7^*^' 
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Figure 5.2: Deptli-averaged temperature profiles in a cavity 2/3rd filled with water in 
air-water experiments; Cavity temperature differences are (a) 10 K, (b) 16 K and (c) u 


distance (p/if) in Figures 5.2(a-c). Here, the y-coordinate is measured from the air- 
water interface. The dimensionless temperature is defined as 6 = 3^=2^ The princinal 
obse™tion to enrerge from the Figures 5.2(a-c) is that the largest ‘pmtion of the tem- 
perature drop occuis air, in comparison to water. This is clearly due to the higher 
erma conductivity of water compared to air. The temperature profiles in each layer 
also exhibrt continuity at the interface indicating that the layers are thermally coupled. 
The slopes of he temperature profiles at the hot and the cold walls show a monotonic 
ncr ase with the cavrty temperature difference. Thus the energy transferred across the 
1 y increases as he temperatum difference is raised. The interface temperature did 

be dll T ^ a Particularly between Figures 6.2(b-c). It could 

be due to a higher degree of unsteadiness in water . 

tem-no + A-a- r ^ Water, when compared to air at a cavity 

temperature difference of 18 K. 

walls ^-locations along each of the 

neural (Figures 5.2(a,c)), the local heat 

r r r T ^ --ty usmg Equation 

4.25. The heat transfer rates at the walls have been represented in terms of the Nusselt 
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number^. The variation of the local Nusselt number at the respective walls with respect 
to the coordinate parallel to the width of the cavity is shown in Figures 5.3(a-c). Strictly 
speaking, the slope of the Nusselt number distribution should be zero at the side walls 
[x = 0, and W), since they are insulating surfaces. Since the analysis was carried out 
for the cavity interior, the zero slope condition has not been consistently reproduced. 
The local Nusselt numbers in air are close to unity, since a strong convective field was 
not set up in the experiments. In water, the Nusselt numbers are significantly higher. 
The variation of Nusselt number with the x-coordinate does not correlate directly with 
the appearance of rolls. Since a number of rolls that form in water is large, the Nusselt 
number profile doesnot display any characteristic trend. 



Figure 5.3: Local Nusselt number variation at the hot and the cold walls of the cavity 
2/3rd filled with water in air-water experiments; Cavity temperature differences are (a) 
10 K, (b) 15 K and (c) 18 K. 


Based on the respective local Nusselt number variation at the hot and the cold 
walls, the width-averaged (global) Nusselt number for the two walls can be calculated. 
A summary of the width-averaged Nusselt number for the three experiments of Figures 
5.1(a-c) are summarized in Table 5.1. They have been compared with the correlations 
for air and water respectively given by Equations 4.26 and 4.27. The correlations are 
applicable for a cavity with no-slip walls. Factors that result in a discrepancy between 
the measured Nusselt numbers and the correlations are; (a) the presence of a free- 
slip boundary and (b) three dimensionality and unsteadiness in the fringe patterns at 
elevated Rayleigh numbers. Experimental interface temperatures are also compared with 
the values derived from energy balance in Table 5.1. In Table 5.1 the discrepancy between 
the experimental and correlation Nusselt numbers is higher (~ 26%) for the water side 


^For water, the characteristic temperature difference is {Th — Ti], while for air it is (Tj Tc). 
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in comparison to the air side (« 2%). This may be attributed to larger unsteadiness and 
three dimensionality for water than in air. 


Table 5.1: Comparison of the experimentally determined width-averaged Nusselt number 
and interface temperatures with the correlations (marked ‘Ref’) in a cavity 2/3rd filled 
with water in air-water experiments. 


AT, K 

Ti (Exp), °C 

Ti (Ref), ‘’C 

Nu (air) 





25.72 

25.80 

0.98 

1 




■ai 

29.41 

30.7 

1.21 

.1.1 

3.40 



32.30 

33.65 

1.34 

1.27 

3.60 

5.37 


5.1.2 Cavity filled with equal layer heights of air and water 

The interferograms obtained in the rectangular cavity half-filled with water and the rest 
being air are presented in this section. Figures 5.4(a,b,c) show the fringe patterns ob- 
tained respectively for the temperature differences of 10, 15 and 18 K across the bounding 
surfaces of the cavity'^. The respective roll patterns of Figures 5.4(a,b,c) have been shown 
in Figures 5.4(al,bl,cl), In Figure 5.4(a), the interface temperature calculated on the 
basis of Equations 4.26-4.27 was 25.79'’C, while it was determined to be 25.82°C from 
the experiments. The Rayleigh numbers in air and water layers are 4185 and 16,413 
respectively. The higher Rayleigh number in water indicates once again a more vigorous 
buoyant motion, in comparison to air. This is confirmed by the greater displacement 
of the fringes in water, while those in air are straighter. The Rayleigh number ratio is 
smaller, when compared to the experiments of Section 5.1.1. The fringes in the water 
phase can be seen to be dense, even though the overall temperature drop here is quite 
small. 

In Figure 5.4(b), the temperature difference of 15 K was imposed between the two 
bounding surfaces, the average of the surface temperatures being 23.5‘’C. The interface 
temperature in the present experiment was found to be 30.8°C. Based on correlations 
(Equations 4.26-4.27), the interface temperature was calculated to be 30.7‘’C. Accord- 
ingly the Rayleigh numbers calculated in the air and the water layers were 6044 and 
30,772 respectively. The higher buoyancy potential in water was seen to impart some 
unsteadiness to the fringes. This influenced the fringe patterns on the air side as well, 
which reflected slight unsteadiness. The interferogram in Figure 5.4(b) is a representative 


■^The slight interface deformation has not been shown; instead it has been replaced by a solid line. 
















5,1 Air-water experiments 


145 



Figure 5.4: Long-time interferograms (a,b,c) and the corresponding roll patterns in the 
side view (al,bl,cl) for a cavity half-filled with water, the rest being air, Cavity tem- 
perature differences are (a) 10 K, (b) 15 K and (c) 18 K. Layer Rayleigh numbers are 
marked on the right column. 
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field in the two-layers after 4 hours of experimentation. 

In Figure 5.4(c), the temperature difference imposed between the two surfaces was 
18 K. The interface temperature was calculated to be 33.64”G, the experimental value 
being 33.72"G. The Rayleigh numbers were determined in the air and the water layers 
to be 7088 and 42,147 respectively. A high Rayleigh number in water was seen to lead 
to unsteadiness in the fringe patterns, particularly in the central region of the cavity, 

It was observed that the air layer also registered unsteady flow patterns, a stronger 
convection current leading to increased fringe curvature. The interferogram depicted in 
Figure 5.4(c) is a representative field predominantly seen at the end of 4 hours. 

Figures 5.4(a-c) show the fringes in water intersecting the interface at several points. 
In this respect the interface is not a constant temperature boundary. Since the temper- 
ature drop per fringe shift is quite small in water, the extent of temperature variation 
over the interface is also small. For Figures 5.4(a-c) it was estimated to less than 0.1 K. 

In air, the interferograms reveal that the flow develops in the form of a single cell 
for all the three temperature differences referred above, This can be inferred from the 
expectation that the fringe displacement will occur in the direction of the local fluid 
velocity. In Figures 5.4(a-c), the fluid rises along the left side wall and descends along 
the right wall. This gives a unicellular pattern in the cavity with a clockwise sense of 
rotation in the side view (Figures 5.4(al-cl)). In the water phase, the flow develops in 
the form of two (Figure 5.4al) and four (Figure 5.4bl, 5.4cl) counter-rotating rolls. For 
the smaller temperature difference, the descent of the colder fluid is closer to the cavity 
center. As the temperature difference increases, additional rolls form in water, but they 
are of unequal size. Those near the vertical mid-plane of the cavity are smaller and 
indicate flow to be in the vertically upward direction. The fluid movement in water is 
confined to a region close to the interface. Hence the cell sizes in water are smaller than 
those in air, that in turn scale with the layer height. 

In the portion of the cavity filled with air, the largest local wall heat flux at steady 
state occurs at around the mid-plane of the cavity where the fringe spacing is a minimum. 
The strength of convection in air increases with the cavity temperature difference. The 
isotherms are closely spaced near the top wall as well as the interface in comparison to 
the central core region. The reason for this behaviour is the dominance of diffusive heat 
transfer near the walls as against convection in the central region. Near the interface 
the dense fringes indicate that the zone is thermally active, despite the fact that the 
water surface is one of free-slip, without a prescribed thermal boundary condition. In 
the water phase, the largest local steady state heat flux at the lower wall occurs near 
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the inter-cell boundaries. 

The appearance of a single roll in the air layer is quite similar to the pattern seen 
in an air-filled cavity (Figure 4.20). Convection in air is thus a result of a temperature 
difference between the cold upper wall and the heated interface. To this extent, the 
interface is a prescribed temperature boundary. It indicates that the air and water 
layers are thermally coupled. The interface is not strictly an isotherm, as can be seen 
from the fringes in the water layer intersecting with it. The temperature variation over 
the interface is however marginal, the temperature drop across the water phase itself 
being quite small. The rolls in the two phases are not correlated, indicating that the 
layers are not mechanically coupled, in a time-averaged sense. 

For the three temperature differences employed in the experiments, results have 
been presented on the basis of individual Rayleigh numbers of the fluid layers. With 
respect to the stability map of Krishnamurti (1970, 1973) for single fluid layers, these 
values are such as to make the convection pattern steady and two dimensional for AT =10 
K in both air and water. For 15 K, it is three dimensional in water, two dimensional in 
air but steady. At a temperature difference of 18 K, it is unsteady and three dimensional 
(pattern forming) in both fluid layers. However, in air the unsteadiness is expected to 
be marginal since the Rayleigh number just crosses the stability boundary. The stronger 
unsteadiness seen in air in the present experiments can be attributed to that in water. 
It is transmitted to air across the interface, resulting in fringe displacement with time. 
In this respect the layers are mechanically coupled in the time domain. 
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Figure 5.5: Depth-averaged temperature profiles in a cavity half filled with water in 
air-water experiments; Cavity temperature differences are (a) 10 K, (b) 15 K and (c) 18 
K. 


Using the fringe patterns of Figures 5.4(a-c), the temperature profiles in the air and 
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Figure 5.6: Local Nusselt number variation at hot and cold walls in a cavity half filled 
with water in air-water experiments; Cavity temperature differences are (a) 10 K, (b) 15 
K and (c) 18 K. 


Table 5.2: Comparison of the experimentally determined averaged Nusselt number and 
interface temperature with correlations (marked ‘Ref’) in a cavity half-filled with water. 


AT, K 

Ti (Exp), "C 

Tj (Ref), ‘’C 

Nu (air) 

Nu (Ref) 

Nu (water) 

Nu (Ref) 


25.82 

26.79 

1.96 

1.85 

2.97 

3.68 

15 

30.80 

30.70 

1.94 

2.04 

3.40 

4.21 

18 

33.72 

33.64 

1.99 

2.16 

3.70 

4.50 


water layers of the cavity have been determined. The line-of-sight averaged temperature 
profiles are shown in Figures 5.5(a-c). The figures clearly bring out the large temperature 
drop in air as compared to water. In Figures 5.5(a-b) the continuity of the temperature 
profiles suggest the flow to be strictly thermally coupled. Figure 5.5(c) showed slight 
discontinuity in temperature near the interface which may be linked to the appearance 
of mechanical coupling^. A steady increase in the wall temperature gradient in both 
layers with the cavity temperature difference is also visible. 

Using the temperature profiles in the fluid layers (Figures 5.5(a-c)), the local Nus- 
selt number distribution was calculated at selected columns of the hot and the cold walls 
of the cavity. The variation of the local Nusselt number at the respective walls with 
respect to the coordinate parallel to the width of the cavity is shown in Figures 5.6(a-c). 
Heat transfer rates were higher on the right as compared to that on the left side for 

^Strictly speaking, temperature around the interface is continuous. In mechanical coupling, the 
continuity has only a local influence. On the scale of fringe spacing, an apparent discontinuity shows 
up. 
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both hot and the cold walls indicating roll skewness. This was noticed for all the three 
temperature differences imposed across the cavity (Figures 5.6(a-c)). Width-averaged 
Nusselt number have been calculated at the hot and cold walls using the local distribu- 
tion of Nusselt number. They have been compared with the correlations of Equations 
4.26 and 4.27 in Table 5.2. The average interface temperatures for the three experiments 
of Figures 5.4(a-c) have also been summarized in Table 5.2. The agreement between the 
experiments and the energy balance calculation is seen to be good. Differences in Nusselt 
number are higher in the water compared to air, owing to unresolved fringes near the 
lower hot wall as well as unsteadiness, 

5.1.3 Cavity filled l/3rd with water 

The present section discusses the convective field in a cavity 1 /3rd filled with water, 
the rest being air. Interferometric patterns in the cavity are shown in Figures 5.7(a- 
c) for temperature differences of 10, 15 and 18 K respectively across the cavity. The 
corresponding roll patterns of Figures 5.7(a-c) have been shown respectively in Figures 
5.7(al-cl). In Figure 5.7(a), for a temperature difference of 10 K, the average interface 
temperatures based on correlations and experiments were found to be 25.81 and 24.62"C 
respectively. The corresponding Rayleigh numbers have been calculated to be 9939 and 
4420 respectively in air and water layers. These values indicate a vigorous convective 
motion in air compared to water. In the experiments, the thermal field in air showed high 
unsteadiness, unlike water where the flow was quite steady. The interferogram seen in 
Figure 5.7(a) corresponds to the dominant pattern that appeared for the largest fraction 
of time. Though the fringe patterns showed unicellular motion in the air layer, a weak 
secondary roll was also noticed in the experiments. Here, the primary roll (in air) rises 
along the left side wall and descends near the right side wall. 

In Figure 5.7(b), the temperature difference of 15 K was applied across the two 
walls. The interface temperature based on correlations was calculated to be 30.73°C, 
while the experimentally obtained interface temperature was 30.0°C. Accordingly, the 
Rayleigh numbers in air and water layers were 14,357 and 8023 respectively. In the 
experiments, a high degree of unsteadiness was noticed in air compared to water due 
to a higher driving buoyancy potential. Fringe patterns in the water layer showed some 
movement, driven by the unsteadiness in air. A comparison of Figures 5.7(a) and 5.7(b) 
shows a fundamental change in the fringe patterns in air as well as in water, going from 
unicellular at the lower Rayleigh number to a bicellular state at the higher Rayleigh 
number. In air, the flow descends near the center of the cavity and rises near the two 
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side walls. 

In Figure 5.7(c), the imposed temperature difference was 18 K. The correlated and 
experimental interface temperatures were 33.69 and 31.2PC respectively. The Rayleigh 
numbers for this experiment were calculated in air and water to be 16,844 and 10,666 
respectively. The fringes in air displayed considerable unsteadiness in the central portion 
of the cavity, in turn imparting slight unsteadiness to water, which was otherwise steady. 
The interferogram in Figure 5.7(c) is representative of a fully evolved flow field. Here, 
a bicellular flow in the air and four counter-rotating rolls in the water phase can be 
noticed. 

The rolls in Figure 5.7(al) are oppositely oriented, being clockwise in air and 
counter-clockwise in water. Thus the water particles can be visualized as being dragged 
by the motion of air above, and the layers are now mechanically coupled. At higher 
Rayleigh numbers (Figure 5.7(cl)), the above trend continues in the sense that' the 
descending flow close to the cavity center in air meets the ascending flow in water. The 
unsteadiness noticed in the water phase at higher Rayleigh numbers can also be linked 
to the fluids being mechanically coupled at the interface in the time domain. 



e 


Figure 5.8: Depth-averaged temperature profiles in a cavity l/3rd filled with water in 
air-water experiments; Cavity temperature differences employed are (a) 10 K, (b) 15 K 
and (c) 18 K. 


Using the interferograms of Figures 5.7(a-c), the line-of-sight averaged temperature 
profiles have been plotted in Figures 5.8(a-c). The principal observation to emerge here 
is that the largest portion of the temperature drop occurs in air, in comparison to 
water. There is a noticeable but gradual change in the shape of the temperature profile 
at higher Rayleigh numbers. This is significant in experiments where the layers are 
mechanically coupled. As a consequence of mechanical coupling, convection in the water 
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layer is controlled by the strength of convection in air, and leads to a reduction in the 
temperature gradient at the lower wall. The gradient on the air-side is barely affected® 
As the Rayleigh number increases, the rolls no longer span the full height of the water 
phase, leading to a nearly linear variation of temperature adjacent to the heated wall. 

Local and average heat transfer rates in terms of the Nusselt number has been 
calculated from the temperature profiles. The local Nusselt number variation at the hot 
and the cold walls for the three experiments of Figures 5.7(a-c) are presented in Figures 
5.9(a-c). A summary of dimensionless wall heat transfer rates and interface temperatures 
for the experiments are summarized in Table 5.3. The local Nusselt number variation 
in air broadly reflects the roll movement. This correlation can be seen in water at the 
lowest cavity temperature difference of 10 K. At 15 and 18 K, the rolls are closer to the 
interface. Hence the Nusselt number variation in water does not reflect the formation of a 
multiplicity of rolls. For the three temperature differences, it can be inferred from Table 
5.3 that the energy balance equation has been partially approximated in the experiments. 
The differences are higher at a cavity temperature difference of 18 K where the fluid layers 
are mechanically coupled. The error’s are however within the limits of uncertainty in the 
experiments since the flow fields are also time-dependent. 



Figure 5.9; Local Nusselt number variation at the hot and cold walls of the cavity l/3rd 
filled with w'ater; Cavity temperature differences employed are (a) 10 K, (b) 15 K and 
(c) 18 K. 


^though slightly enhanced. 
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Table 5.3: Comparison of the experimentally determined averaged Nusselt number and 
interface temperature with correlations (marked ‘Ref’) in a cavity l/3rd filled with water. 


AT, K 

T, (Exp), ”C 

Ti (Ref), °C 

Nu (air) 

Nu (Ref) 

Nu (water) 

Nu (Ref) 

10 

24.62 

25.81 

2.60 

2.38 

2.09 

2.62 

15 ^ 

30.00 

30.73 

2.40 

2.61 

2.99 

3.08 

18 ^ 

31.21 

33.69 

2.53 

2.71 

3.03 

3.32 


5.1.4 Temporal evolution 

The following section presents interferograms captured during the time-wise evolution 
of the flow fleld inside the cavity. The evolution of flow field refers to the time sequence 
of fringe patterns recorded after the two bounding surfaces are thermally stabilized. 
As stated in Section 3.4, the temperatures of the two walls approached steady state 
jointly with the flow field within the cavity. The fringe patterns exhibiting quasi-steady 
state after 4 hours of experimentation have been presented in Sections 5. 1.1-5. 1.3. The 
subsequent temporal evolution of the fringe patterns for cavity temperature differences 
of 15 and 18 K is depicted in Figures 5.10-5.13. The unsteadiness was more pronounced 
in water as compared to air and forms the basis of the present discussion. For a cavity 
l/3rd filled with water, the fringes in water were quite steady, though the fringes in air 
displayed movement. This experiment has not been discussed below. 

For a cavity 2/3rd filled with water (Figures 5.10-5.11), dense fringes form near the 
lower hot wall as well as the interface with air. The unsteadiness in flow is seen in the 
central portion alone, the wall and the interface regions being relatively steady. With an 
increase in the cavity temperature difference, the affected region increases in size. The 
dominant effect is however a lowering of the time scale of unsteadiness from 20 to 10 
seconds. For a cavity half-filled with water, the wall region is relatively steady, though 
the unsteadiness now has spread upto the interface. The increased size of the unsteady 
zone is accompanied by an increase in time scale to 1 minute^. The time scale reduces 
from 1 minute to 30 seconds for an increase in the cavity temperature difference from 15 
to 18 K. The unsteadiness at the interface is the origin of mechanical coupling between 
air and water for a cavity with equal layer heights. For a cavity l/3rd filled with water, 
unsteadiness is first set up in air, and is sebsequently transmitted to water. 

The reciprocal of the Fourier numbers (Fo = based on the time scale r referred 

^The time scale was visually established during the experiment as the time required for a significant 
change in the thermal field. 



154 


Two-layer Convection in a Rectangular 



Figure 5.10; Time sequence of interferograms in a cavity 2/3rd filled with water for a 
cavity temperature difference of 15 K; air-water experiments. Time interval = 20 seconds 
between successive images. 
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Figure 5.11; Time sequence of interferograms in a cavity 2/3rd filled with water for a 
cavity temperature difference of 18 K; air-water experiments. Time interval — 10 seconds 
between successive images. 
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Figure 5.12; Time sequence of interferograms in a cavity half filled with water for a 
cavity temperature difference of 15 K; air-water experiments. Time interval = 1 minute 
between successive images. 
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Figure 5.13; Time sequence of interferograms in a cavity half filled witl 
cavity temperature difference of 18 K; air-water experiments. Time interval 
between successive images. 
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above and the layer height of water are summarized in Table 5.4. A clear increase in 
the reciprocal of the Fourier number with an increase in the height of the water layer as 
well as the overall temperature difference is to be seen. This is indicative of an increase 
in the frequency of oscillations in water and a greater possibility of the unsteadiness 
being transmitted to air. 

Table 5.4: Fourier number as a function of Rayleigh number in an air-water cavity. 


air 

water 

AT, K 

Ra (air) 

Ra (water) 

1/Fo (water) 

1/3 

2/3 

15 

1794 

64,404 

154 

1/3 

2/3 

18 

2100 

98,505 

303 

1/2 

1/2 

15 

6044 

30,772 

29 

1/2 

1/2 

18 

7088 

42,147 

59 


5.2 Air-silicone oil experiments 

Experiments in a rectangular cavity containing superposed layers of air and silicone oil 
are discussed in the present section. In view of the optical properties of silicone oil, 
refraction effects were found to be quite severe (Section 4.1.1). Refraction in silicone 
oil was seen to be significantly higher than in air and water. During experiments, the 
light beam passing through the oil medium got sufficiently displaced to contaminate the 
intensity of the light beam passing through air. Hence, fringes in silicone oil could be 
recorded only for a small overall temperature difference of 0.3 K. At higher temperature 
differences of 10, 15 and 18 K, the light passing through oil was blocked, and the air layer 
alone was imaged. Layer heights of 1/3, 1/2 and 2/3 with respect to the cavity height 
have been studied for the three temperature differences imposed across the cavity. 

5.2.1 Cavity 2/3rd filled with silicone oil 

The following section presents the convection patterns recorded in a cavity filled with 
2/3rd oil, the rest being air. The interferogram of the entire cavity at an imposed 
temperature difference of 0.3 K is shown in Figure 5.14(a). The respective roll patterns 
of Figure 5.14(a) have been shown in Figure 5.14(al). The cold and the hot surfaces 
were maintained at 25.7 and 26°C respectively. The experimental interface temperature 
obtained was 25.90°C. Using the energy balance principle (Equations 4.26 and 4.28), the 
interface temperature was calculated to be 25.91°C. Accordingly, the Rayleigh numbers 
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Figure 5.14; Steady state interferograms (a) and the corresponding roll patterns in the 
side view (al) in a cavity 2/3rd filled with silicone oil. Cavity temperature difference is 
0.3 K. Layer Rayleigh numbers are marked on the right column. 


were 25 and 1611 in air and oil respectively. These are smaller than the critical Rayleigh 
number of 1708 for an infinite fluid layer to initiate convection. In the oil phase, the 
Rayleigh number is close to the critical value, and convection was initiated near the 
interface region. This resulted in a convective flow near the interface and was quite steady 
after 4 hours of experimentation. The interface region was thus seen to be thermally 
active since it was a site for the initiation of flow. The fringes elsewhere in silicone oil 
were seen to be practically straight. No fringes were recorded in air since the temperature 
drop per fringe shift is 1.527 K for air, while it is 0.0034 K in silicone oil. 

With reference to Figure 5.14(al), it can be seen that flow develops in the form 
of two counter-rotating rolls that form near the interface in the oil medium. The fluid 
moves with a negative velocity near the center of the cavity along the vertical axis, while 
the velocity is positive along the side walls. The rolls donot scale the full height of the 
oil layer and are conflned near the interface region. The fringes near the lower wall are 
straight, indicating the near- absence of fluid motion. 

Using the fringe patterns of Figure 5.14(a), the temperature profiles and the local 
Nusselt number distribution have been determined. The line-of-sight temperature profile 
in the oil phase is shown in Figure 5.15(a). The temperature profile distribution could 
only be determined in the oil portion since no fringes appeared in the field-of-view of 
the air phase. Here, the y-coordinate is measured from the interface represented by 
y/H=0 with air above and oil below it. The main conclusion to emerge from Figure 
5.15(a) is that a larger portion of the temperature drop occurs in air, in comparison to 
oil. The temperature profile in the air portion (shown as dashed line in Figure 5.15(a)) 
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Figure 5.15: (a) Depth-averaged temperature profile and (b) local Nusselt number varia- 
tion in a cavity 2/3rd filled with oil in air-oil experiments; Cavity temperature difference 


is 0.3 K. 


is expected to have linear variation due to the dominance of conduction at the extremely 
low Rayleigh number of 25. The variation of the local Nusselt number at the hot wall 
with respect to the coordinate parallel to the width of the cavity is shown in Figure 
5.15(b). While the average Nusselt number is close to unity, the local Nusselt number 
shows a small variation with the i-coordinate. The slight deformation of the wall fringes 
is related to the rolls formed near the air-oil interface. Based on the local Nusselt number 
variation at the hot wall, the width-averaged Nusselt number has been calculated. The 
dimensionless heat transfer rates in terms of averaged Nusselt number and the interface 
temperature have been compared with the published correlations in Table 5.5. 

Fringes in silicone oil for higher cavity temperature differences could not be recorded 
owing to excessive refraction errors. Interferograms obtained at higher temperature 
differences of 10, 15 and 18 K in the air phase are shown in Figures 5.16(a,b,c). The roll 
patterns of Figures 5.16(a,b,c) have been shown respectively in Figures 5.16(al,bl,cl). In 
view of the lower thermal conductivity of oil when compared to water, the temperature 
drop in oil was higher. This resulted in a reduction of the temperature difference driving 
convection in air, and hence the Rayleigh number, in relation to the available driving 
potential in the air- water experiments. In Figure 5.16(a), a temperature difference of 10 
K was imposed across the cavity. The interface temperatures obtained from experiments 
and correlation were 25.17 and 24.81^0 respectively. The Rayleigh numbers calculated 
in the air and oil side were 1124 and 23,079 respectively. Despite the Rayleigh number 
in air being less than the critical value, the air layer revealed convective flow. This is 
possible if the larger buoyancy potential available in oil, drives the motion of the air. 
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Thus the fluid layers are seen to be mechanically coupled, air layers being entrained by 
the buoyant motion in oil. Although, the convective flow in the oil region in the form of 
an interferogram could not be recorded, its iiilluence is to increase the fringe curvature 
in air. The fringe curvature is higher near the interface region as compared to the cold 
wall. The flow in the air layer develops in the form of an unicellular pattern with sense 
of rotation in the clockwise direction. The fluid rises along the left side and descends 
along the right side wall (Figure 5.16(al)). The flow pattern was seen to be quite steady 
once the thermal field stabilized. 

In Figure 5. 16(b), the temperature difference of 15 K was imposed across the cavity. 
The experimental and estimated interface temperatures are presented in Table 5.5. The 
Rayleigh numbers calculated in the air and oil were 1645 and 31,698 respectively. The 
influence of oil movement in the air phase can be noted by the increased fringe curvature 
in air. This is again an evidence of mechanical coupling. The flow in air develops once 
again in the form a single cell with sense of rotation in the clockwise direction. 

In Figure 5, 16(c), the temperature difference imposed between the two surfaces was 
18 K. The experimental and estimated interface temperatures are presented in Table 5.5. 
The Rayleigh numbers were determined in the air and the oil layers to be 1920 and 40,452 
respectively. The Rayleigh number in the air phase is higher than the critical value of 
1708 to initiate convection. But the convective flow in air is influenced by mechanical 
coupling between the fluid layers at the interface. Thus the higher Rayleigh number 
ill air supplements the mechanically-driven flow and imparts additional curvature to 
the fringes. The flow field changes to a bicellular form, instead of unicellular as in the 
experiments at lower temperature differences (Figures 5.16(al-cl)). The flow develops 
in the form of two counter-rotating rolls with flow asscending close to the cavity center 
along the vertical axis and descending along the vertical side walls. This pattern is 
symbolic of thermally driven convection. Under the present circumstances, the fluid 
layers are thermally as well as mechanically coupled. 

Using the fringe patterns of the three experiments of Figure 5.16(a-c), the depth- 
averaged temperature profiles have been determined. The temperature profiles could 
only be plotted for air and are shown in Figures 5.17(a-c), while the expected variation 
ill oil is shown by dashed lines. Here, yjH~0 and 0.33 represents the interface and the 
cold wall respectively, and y/H=~0.Q7 represents the hot wall. The main observation 
to emerge from Figures 5.17(a-c) is the large temperature drop in air when compared 
to oil. As the Rayleigh number increases, the temperature drop decreases from 92 to 
81% m the air layer. Hence the temperature drop in oil increases with an increase 
in the cavity temperature difference. This is understandable because a higher cavity 
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Figure 5.17: Depth- averaged temperature profile in the air layer of a cavity 2/3rd filled 
with oil; Cavity temperature differences are (a) 10 K, (b) 15 K and (c) 18 K. 

temperature difference leads to a vigorous air movement and an increase in the effective 
conductivity of air. The convective motion in oil is not large enough to sufficiently 
augment its conductivity. As a result, the dimensionless temperature drop in air is 
smaller compared to that in oil, when the cavity temperature difference is increased. The 
present discussion also indicates that the fluid layers are initially mechanically coupled. 
As the cavity temparature difference is raised, thermal coupling become significant as 
well. 

Based on the temperature profiles of Figures 5.17(a-c), the local Nusselt number 
variation at the cold wall have been plotted in Figures 5.18(a-c). The width-averaged 
Nusselt number has been calculated on the basis of Figures 5.18(a-c) and compared with 
the published correlations in Table 5.5. The bicellular motion in air at a higher cavity 
temperature difference of 18 K is seen to produce greater variation in the local Nusselt 
number at the cold wall, and a larger deviation from the single layer convection. 


Table 5.5: Comparison of the experimentally determined width-averaged Nusselt number 
and interface temperatures with the correlations (marked ‘Ref’) in a cavity 2/3rd filled 
with oil in air-silicone oil experiments. 


AT, K 

Ti (Exp), “C 

Ti (Ref), “C 

Nu (air) 

Nu (Ref) 

Nu (oil) 

Nu (Ref) 

0.3 

25.90 

25.91 

- 

1.0 

1.20 

1.04 

10 

25.17 

24.81 

1.10 

1.0 

- 

2.53 

15 

28.68 

29.37 

1.12 

1.0 n 

- 

2.81 

18 

30.22 

31.91 

1.41 

1.16 

- 

3.05 
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Figure 5.18; Local Nusselt iiumber variation at the cold wall in air. Cavity 2/3rd filled 
with oil; Cavity temperature differences are (a) 10 K, (b) 15 K and (c) 18 K. 


5.2.2 Cavity filled with equal layers of air and silicone oil 

The following section presents the results for a cavity filled with equal layer heights of air 
and silicone oil. The interferogram of Figure 5.19 is obtained at temperature difference of 
0.3 K applied across the horizontal walls. Based on the estimated interface temperature, 
the Rayleigh numbers were calculated to be 93 and 549 respectively in the air and the oil 
phases. The no-fiow condition is realized in the fluids due to an extremely low Rayleigh 
number with respect to the critical value of 1708. The fringes in silicone oil are practically 
straight, while the air phase did not register any fringe at all. The fringes are denser 
near the wall compared to the interface where the oil medium is exposed to air. Thus a 
higher temperature gradient is obtained at the wall as compared to the interface. This is 
shown in Figure 5.20(a), where depth-averaged non-dimensional temperature is plotted 
with respect to the non-dimensional vertical coordinate {yfH). 

From Figure 5.20(a), it can be concluded that largest portion of the temperature drop 
(?:; 64%) occurs in air compared to oil. Using Figure 5.20(a), the local Nusselt number 
distribution at the hot wall has been determined. This is shown in Figure 5.20(b) with 
respect to the non-dimensional coordinate {x/W) along the width of the cavity. The heat 
transfer rates are higher near the vertical side walls as compared to the center of the cavity 
because of the corners of the cavity cross-section®. Based on Figure 5.20(b), the width- 
averaged Nusselt number have been calculated and compared with correlations (Equation 
4.28) in Table 5.6. The experimentally determined average interface temperature is seen 

®The long-lived transients in a purely conduction dominated experiment also play a role in the local 
Nusselt number profile. 
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Figure 5.19: Steady state interferograms in a cavity filled with equal layer heights of 
air and silicone oil. Cavity temperature difference is 0.3 K. Layer Rayleigh numbers are 
marked on the right side. 




0 x/W 


Figure 5.20: (a) Depth- averaged temperature profile and (b) local Nusselt number vari- 
ation at the hot wall in a cavity filled with equal fluid heights in air-oil experiments; 
Cavity temperature difference is 0.3 K. 


to match the value derived from correlations. 

At higher cavity temperature differences, the fringes could not be recorded in sil- 
icone oil. The fringes have been recorded at higher temperature differences in the air 
phase and are presented in Figures 5.21(a,b,c). The corresponding roll patterns of Fig- 
ures 5.21(a,b,c) have been presented respectively in Figures 5.21(al,bl,cl). In Figures 
5.21(a-c), the temperature differences applied across the cavity were 10, 15 and 18 K re- 
spectively. Accordingly, the Rayleigh numbers were calculated in air to be 3736, 5425 and 
6383. The corresponding values in oil were 10,940, 16,181 and 19,301. The experimental 
and the estimated interface temperatures for the three experiments have been 
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Figure 5.21: Steady state interferograms (a,b,c) and the corresponding roll patterns in 
the side view (al,bl,cl) in air for a cavity filled with equal layer f 
and air. Cavity temperature differences are (a) 10 K, (b) 15 an (c) 

Rayleigh numbers are marked on the right column. 
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summarized in Table 5.6. The interferograms recorded in air were quite similar to those 
seen in the air- water experiments, in particular Figures 5.4(a-b). In view of the reduced 
Rayleigh numbers, the fringe displacements were marginally smaller in the air-oil exper- 
iments. The Rayleigh numbers in oil being smaller with respect to water (owing to a 
higher viscosity), the flow patterns in oil were quite stable in time. Hence the coupling 
between the layers was thermal in origin, as in the water experiments. The possibility of ' 
mechanical coupling in the time domain was eliminated since the flow fields in oil were 
steady at the Rayleigh numbers encountered. The steadiness of the flow field was con- 
firmed against the stability diagram of Krishnamurti (1970, 1973). This result is quite 
understandable because mechanical coupling is expected to become weaker (and ther- 
mal coupling stronger) with an increase in the liquid-to-gas viscosity ratio and smaller 
buoyancy potential ratio. 

Using the fringe patterns of the three experiments of Figures 5.21(a-c), the depth- 
averaged temperature profiles have been generated. These are shown in Figures 5.22(a-c). 

It is clear from the figures that the largest temperature drop occurs in air 83%) as 
compared to oil. Further, with an increase in the Rayleigh number, the temperature 
gradient increases at the cold wall (j//f/'=0.5), indicating stronger convection in air. 

Local Nusselt number distribution at the cold wall based on the temperature pro- 
files in air are shown in Figures 5.23(a-c). The local Nusselt number variation can be 
understood in terms of the cellular flow fields prevailing in air. Figure 5.21 shows the 
field to be unicellular in (al) and (bl), while it is bicellular in (cl). Width-averaged Nus- 
selt number have been compared with the correlations in Table 5.6. The experimental 
values are seen to match the correlations quite well. 


Table 5.6: Comparison of the experimentally determined width-averaged Nusselt number 
and interface temperature with the correlations (marked ‘Ref’) in a cavity filled with 
equal layer heights of air and oil. 


AT, K 

Ti (Exp), “C 

Ti (Ref), °C 

Nu (air) 

Nu (Ref) 

Nu (oil) 

Nu (Ref) 

0.3 

25.88 

25.70 

- 

1.0 

0.842 

0.728 


24.33 

24.66 

1.85 

1.78 

- 


15 

28.28 

29.02 

1.90 

1.98 

- 


18 

31.28 

31.64 

2.00 

2.08 

- 

2.39 


The interface temperatures in the 2/3rd filled and 1/2 filled cavities can be com- 
pared. In the former (Figure 5.17), the interface temperature increases rapidly owing 
to an intense convective field in air, starting from nearly a conductive state. In Figure 
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Figure 5.22; Depth-averaged temperature profile in air for a cavity filled with equal layer 
heights of air and oil; Cavity temperature differences are (a) 10 K, (b) 15 K and (c) 18 

K. 
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Figure 5.23: Local Nusselt number variation at the cold wall in air for a cavity filled 
with equal layer heights of air and oil; Cavity temperature differences are (a) 10 K, (b) 
15 K and (c) 18 K. 


5.22, the buoyant motion in air changes more gradually, making the corresponding ef- 
fective conductivity nearly a constant. Thus the fractional temperature drops in air and 
oil are practically unchanged with an increase in the cavity temperature difference. A 
reasonably good match of the interface temperature and Nusselt number with correla- 
tion confirms that the fluid layers are thermally coupled for the three Rayleigh numbers 
encountered in the experiments. 
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5.2.3 Cavity l/3rd filled with silicone oil 

The following section presents convection patterns in a rectangular cavity l/3rd filled 
with oil, the rest being air. For a temperature diflference of 0.3 K applied across the 
hot and the cold walls, the interferogram is shown in Figure 5.24. The experimentally 
calculated interface temperature was 25,95°C, while the value from energy balance was 
25.94"C. The Rayleigh numbers obtained were 226 and 140 in the air and oil side re- 
spectively. As expected at low Rayleigh numbers, almost straight fringes in the oil layer 
were noticed. Due to large value of ATg for air, no fringe was obtained in air and the 
field-of-view was bright. 

Using the fringe patterns of Figure 5.24 in oil, the depth-averaged temperature 
profile has been plotted. This is shown in Figure 5.25(a). Due to higher thermal conduc- 
tivity of oil compared to air, a large temperature drop (« 82%) is established across the 
air layer. Near the hot wall {y/H = —0.33), the temperature gradient is lower than at 
the interface. This is seen in the variation of fringe density within the oil layer. The local 
Nusselt number distribution based on the temperature profile of Figure 5.25(a) has been 



Figure 5.24; Steady state interferograms in a cavity l/3rd filled with silicone oil. Cavity 
temperature difference is 0.3 K. Layer Rayleigh numbers are marked on the right side. 


presented in Figure 5.25(b). The width-averaged Nusselt number has been calculated on 
the basis of Figure 5.25(b) and is compared with the single fluid correlations in Table 
5 . 7 ^ 

At temperature differences higher than 0.3 K air alone could be imaged and are 

®The Nusselt number correlation for"" [ligh Prandtl number fluids permits Nu to fall below unity for 
low Rayleigh numbers, but is clearly incorrect. In experiments, erroneous Nusselt numbers can emerge 
at low Rayleigh numbers owing to high fringe density and long-time thermal transients. 
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Figure 5.25: (a) Depth- averaged temperature profile in oil and (b) local Nusselt number 
variation at the hot wall in a cavity l/3rd filled with oil; Cavity temperature difference 
is 0.3 K. 


shown in Figures 5.26(a,b,c) for 10, 15 and 18 K respectively. The corresponding roll 
patterns of Figures 5.26(a,b,c) have been respectively shown in Figures 5.26(al,bl,cl). 
The Rayleigh numbers calculated in air were 8880, 12,900 and 15,193 respectively and 
3183, 4675 and 5541 in silicone oiF°. At the lowest Rayleigh number (Figure 5.26(a]), 
the pattern was quite steady after the passage of initial transients. For higher Rayleigh 
numbers (Figure 5.26(b-c)), unsteadiness was noticed in the fringe patterns. Specifically, 
time-dependent movement between two mode shapes was observed (Figure 5.27). Since 
a large fraction of the cavity temperature difference occured in air, the convective motion 
here was seen to be quite vigorous. As a result, the fringe density near the wall and the 
interface was extremely high. These images could not be analyzed satisfactorily for local 
temperature information and Nusselt number. The switching phenomenon, namely the 
formation of two modes of convection in the fluid layer is characteristic of high Rayleigh 
numbers. It is itself a topic of interest and has been discussed by Mishra et al. (1999). 
It is indicative of an intermediate step in transition towards chaos. 

In the present study, it was possible to capture the momentary appearance of the 
second mode. The estimated time scale between successive occurrence of the second 
mode was is in the range of 20 seconds, corresponding to a frequency of 0.05 Hz. 

Since convection in air is driven by the temperature difference between the interface 
and cold wall, the nature of coupling in the present experiment between the fluid layers 
is to be classified as thermal. In the absence of a comparison in terms of the interface 

’■®The interface temperature for the three experiments were calculated from correlations to be 24.68, 
29.07 and 31.71°C, for a hot wall temperatures of 26, 31 and 34"C. 
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Figure 5.26: Steady state interferograms (a,b,c) and the corresponding roll patterns in 
the side view (al,bl,cl) in air for a cavity l/3rd filled with oil, the rest being air. Cavity 
temperature differences are (a) 10 K, (b) 15 K, and (c) 18 K. Layer Rayleigh numbers 
are marked on the right column. 
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Figure 5.27: Air-silicone oil experiments with Ra(air) = 15,193. The sequence of fringe 
patterns (1,3,5) and the corresponding roll patterns (2,4,6) formed during t e swi c mg 
phenomenon: Unicellular pattern (1,2) tricellular pattern (3,4) and a return to unicellula 
rolls (5,6) are to be seen. 
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temperature and Nusselt number, the extent of mechanical coupling cannot be com- 
mented upon. 


Table 5.7: Comparison of the experimentally determined width-averaged Nusselt number 
and interface temperature with the correlations (marked ‘Ref’) in a cavity l/3rd filled 
with oil. 


AT, K 

Ti (Exp), °C 

Tj (Ref), °C 

Nu (air) 

Nu (Ref) 

Nu (oil) 

Nu (Ref) 

0.3 

25.95 

25.94 

- 

1.00 

0.53 

0.46 


5.3 Silicone oil- water experiments 

Two-layer experiments with silicone oil floating over water within the cavity are reported 
in the present section. The oil layer thicknesses have been taken to be 1/3, 1/2 and 2/3 
with respect to the cavity height. As discussed in the context of air-oil experiments, 
it was not possible to record the interferograms of convection in oil for temperature 
differences above AT=0.3 K, owing to high refraction errors. These errors were large 
enough to broaden the dark band at the interface. The band was removed by image 
processing operations and has not been shown in the present section. Fringe patterns 
have been recorded at higher temperature differences of 10, 15 and 18 K in the water 
layer of the cavity. Owing to refraction errors on one hand and a high fringe density on 
the other, the overall uncertainty in the numerical values of temperature and Nusselt 
number is expected to be higher in the oil-water experiments. 

5.3.1 Cavity 2/3rd filled with silicone oil 

The convective patterns obtained in the rectangular cavity filled with 2/3rd oil floating 
over l/3rd water are presented in this section. Figure 5.28(a) shows the interferograms 
seen in the oil-water experiment for an overall temperature difference of 0.3 K. The 
corresponding roll patterns of Figure 5.28(a) expected on the basis of fringe displacement 
is shown in Figure 5.28(al) The cold and the hot surfaces were maintained at 25.7 
and 26‘’C respectively. Using the correlations (Equations 4.27 and 4.28), the interface 
temperature was calculated to be 25.96^0, while the interferograms gave an average 
temperature of 25.8rC. Using the correlation-determined interface temperature, the 
Rayleigh numbers in oil and water were found to be 5163 and 802 respectively. The 
displacement of the fringes in oil show that convection is in progress. In water, the hot 
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Figure 5.28: Steady state interferograms (a) and the corresponding roll patterns in the 
side view (al) in a cavity 2/3rd filled with silicone oil in oil-water experiments; Cavity 
temperature difference is 0.3 K. Layer Rayleigh numbers are marked on the right column, 


wall and the interface region depicts almost straight fringes indicating conduction heat 
transfer. The central region of the water layer shows initiation of convective motion 
despite the Rayleigh number being less than the first critical value of 1708. The patterns 
in both phases were found to be exceptionally steady after the passage of the initial 
transients. This is in agreement with the stability diagram of Krishnamurti (1970, 1973) 
at the Rayleigh and Prandtl numbers considered. The number of fringes in silicone oil is 
greater than in water owing to the smaller temperature drop per fringe shift in oil, being 
0.0034 and 0.016 K respectively. The roll orientation in the water layer (however marginal 
the motion is) can be seen in Figure 5.28 to be quite dependent on the motion in the 
oil phase. It can be conceived that oil drives convective motion in water via mechanical 
coupling established at the interface. Based on the fringe displacement, the circulation 
in silicone oil and water can be established to be bi-cellular (Figure 5.28(al)). Here, the 
ascending flow in oil at the cavity center along the vertical axis drives the descending 
flow of water, suggesting the rotation of the rolls on either side to be in the opposite 
directions. Thus the coupling between the layers is mechanical in nature. 

Using the fringe patterns of Figure 5.28(a), the depth-averaged temperature profiles 
in the two layers have been determined. This is shown in Figure 5.29(a). Here, the y- 
coordinate is measured from the interface represented as y/H=0 in the plot with oil 
above and water below it. Figure 5.29(a) shows that the temperature drops in oil 
64%) is higher as compared to water. Due to high density fringes, temperature gradient 
near the hot wall {y/H — —0.33) is marginally higher than the cold wall [y/H = 0.67). 
At the interface, discontinuity in the slope of the temperature profile is to be noticed. 
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Figure 5.29: (a) Depth-averaged temperature profile and (b) local Nusselt number varia- 
tion at the two walls in a cavity filled with 2/3rd oil and 1 /3rd water; Cavity temperature 
difference is 0.3 K. 

The slope discontinuity is a consequence of the mismatch in thermal conductivities of 
the two fluids. It is clearly brought out in experiments whenever the number of fringes 
in the interface region is large. Based on the temperature profiles of Figure 5.29(a), 
the distribution of local Nusselt number at the hot and cold walls was calculated, and 
is shown ip Figure 5.29(b). The width-averaged Nusselt number obtained from Figure 
5.29(b) has been compared with the published correlations in Table 5.8. A.n examination 
of the local Nusselt number variation shows it to be flat, independent of the roll structure. 
This is because the rolls are closer to the interface and donot fill the height available 
within the cavity. This feature is characteristic of layers that are mechanically coupled. 
For thermally coupled systems, the presence of the rolls can be felt in the local Nusselt 
number profiles since the rolls span the distance between the differentially heated surfaces 
(Section 5.1). 

Interferograms in water at higher temperature differences of 10, 15 and 18 K are 
shown in Figures 5.30(a,b,c). The respective roll pattern of Figures 5.30(a,b,c) have been 
shown in Figures 5.30(al,bl,cl). The interface temperatures for the three experiments 
along with the estimated values have been presented in Table 5.8. The Rayleigh numbers 
calculated in water for the three temperature differences were 29,062, 55,700 and 73,482 
respectively. In oil, the respective Rayleigh numbers were 1.69E-t-05, 2.54E-t-05 and 
3.10E-1-05. At the lowest Rayleigh number, the flow pattern was quite stable with time. 
With an increase in the Rayleigh number, a slight unsteadiness was noticed near the 
interface. The dominant pattern that was realized in the experiment was captured 
through the camera and is shown in Figures 5.30(b-c). With an increase in the Rayleigh 
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Figure 5.30; Steady state interferograms (a,b,c) and the corresponding roll patterns m 
the side view (al,bl,cl) in water for a cavity filled with 2/3rd silicone oil and l/3rd 
water. Cavity temperature differences are (a) 10 K, (b) 15 K and (c) 18 K. Layer 
Rayleigh numbers are marked on the right column. 













5.3 Silicone oil-water experiments 


177 


iiurnber, the density of fringes increased to such an extent that the camera couid not 
satisfactoriiy resoive them, Figure 5.30(c) in particular. In all the three experiments, the 
flow develops in the form of two counter-rotating rolls with right side roil being quite 
strong as compared to the left (Figures 5.30(al-cl)). The left roll can be treated as a 
weak secondary flow which gains strength as the Rayleigh number increases. It was also 
noticed that the rolls filled the layer height, extending from the interface to the hot wall. 

Using the fringe patterns of Figures 5.30(a-c), the depth-averaged temperature 
profiles have been plotted in Figures 5.31(a-c). The main conclusion to emerge is that 
the largest temperature drop takes place in the oil portion (shown by dashed lines in 
Figures 5.31(a-c))^^. With an increase in the Rayleigh number, the temperature drop 
in oil increases. Using the temperature profiles of Figures 5.31 (a-c), the local Nusselt 
number distribution at the hot wall have been determined. This is shown in Figures 
5.32(a-c). The width-averaged Nusselt number based on the local distribution have been 
calculated and compared with the correlations in Table 5.8. In view of the diminished 
quality of the interferograms, the uncertainty in temperature and Nusselt number values 
is expected to be high. The deformation of fringes over the entire cavity height however 
suggests that the convective field fills the water layer and the fluids are thermally coupled. 
A continuous increase in the interface temperature with the cavity temperature difference 
is also a confirmation of this result. There is a consistent reduction in Nusselt number 
at the hot wall with respect to the single layer correlation, and a corresponding increase 
in the interface temperature. The origin of this result could be the retardation of the 
flow in water by the silicone oil layer above. To this extent, the layers are mechanically 
coupled as well. 


Table 5.8: Comparison of the experimentally determined width-averaged Nusselt number 
and interface temperature with the correlations (marked ‘Ref’) in a cavity filled with 
2/3rd oil and l/3rd water. 


AT, K 

Ti (Exp), °C 

Ti (Ref), °C 

Nu (water) 

Nu (Ref) 

Nu (oil) 

Nu (Ref) 

0.3 

25.81 

25.96 

1.71 

1.49 

1.31 

1.53 

10 

25.75 

24.77 

3.90 

4.16 

- 

4,92 

15 

30.72 

29.16 

4.04 


- 

5.64 

18 

33.70 

31.76 

4.21 


- 

6.02 


’■''The dashed lines have been shown by requiring that ^vi/K at the interface. 
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Figure 5.31: Depth-averaged temperature profile in water in a cavity filled with 2/3rd 
oil and l/3rd water; Cavity temperature differences are (a) 10 K, (b) 15 K and (c) 18 K. 



Figure 5.32: Local Nusselt number variation at the hot wall in a cavity filled with 2/3rd 
oil and l/3rd water; Cavity temperature differences are (a) 10 K, (b) 15 K and (c) 18 K. 


5.3.2 Cavity filled with equal layers of silicone oil and water 

The following section discusses convection in the cavity containing equal layer thicknesses 
of silicone oil and water. The interferogram obtained at a temperature difference of 
0.3 K across the cavity is shown in Figure 5.33(a). The respective roll patterns of 
Figure 5.33(a) have been shown in Figure 5.33(al). The experimental and the estimated 
interface temperatures for the present experiment are 25.82 and 25.96°G respectively. 
Accordingly, the Rayleigh numbers in oil and water were found to be 2178 and 2710, 
both of which are greater than the critical value of 1708 for the initiation of convection. 
The displacement of the fringes in both oil and water show that the convection is in 
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progress in both fluid layers. The patterns were found to be exceptionally steady after 
the passage of the initial transients. The thermal fields in the two layers can be seen in 
Figure 5.33 to be partly correlated. Based on the fringe displacement, the circulation in 
silicone oil can be deduced to be close to bi-cellular, while that in water is practically 
unicellular (Figure 5.33(al)). The coupling between the layers is thermal in nature as 
far as the second (clockwise) roll in silicone oil is concerned. However the primary rolls 
are mechanically coupled. The fringe patterns of Figure 5.33(a) has been utilised to 



Figure 5.33: (a) Steady state interferograms and (al) the corresponding roll patterns 
in a cavity filled with equal layer heights of silicone oil and water; Cavity temperature 
difference is 0.3 K. Layer Rayleigh numbers are marked on the right column. 


determine the depth-averaged temperature profile in the fluid layers. The temperature 
profile is plotted with respect to non-dimensional vertical coordinate y/H and is shown 
in Figure 5.34(a). The profile is closer to being linear, since the Rayleigh numbers are 
only marginally greater than critical. The slope of the temperature profile appears to 
be continuous at the interface. This suggest the fluids to be thermally coupled at the 
interface. Using the depth-averaged temperature profile (Figure 5.34(a)) in the fluids, 
the local Nusselt number variation over hot and cold walls can be determined. This 
distribution of Nusselt number with respect to non-dimensional horizontal coordinate 
x/W is shown in Figure 5.34(b). Based on local variation at the two walls, the width- 
averaged Nusselt number has been calculated and compared with the correlations in 
Table 5.9. 

The portion of the interferogram depicting convection in silicone oil has been omit- 
ted while that in water is shown in Figures 5.35(a,b,c) for temperature differences of 
10, 15 and 18 K respectively. The corresponding roll patterns of Figures 5.35(a,b,c) 
have been shown respectively in Figures 5.35(al,bl,cl). The interface temperatures for 
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Figure 5.34: (a) Depth-averaged temperature profile and (b) local Nusselt number vari- 
ation at the two walls in a cavity filled with equal layer heights of oil and water; Cavity 
temperature difference is 0.3 K. 

the three experiments are summarized in Table 5.9. The Rayleigh numbers obtained 
in water are 1.09x10®, 2.07x10® and 2.83x10® respectively for the three temperature 
differences. The corresponding values for silicone oil are 69,849, 1.05x10® and 1.27x10®, 
The driving buoyancy potential in water indicates more vigorous buoyant motion in the 
fluid. At the lowest Rayleigh number (Figure 5.35(a)), the fringes displayed an almost 
steady pattern in time. This was confirmed by continuing the experiment for six to eight 
hours. Steady flow patterns obtained in water at a Rayleigh number of 1.09x10® is a 
result contrary to the flow regime diagram of Krishnamurti (1970, 1973). The steadiness 
can only be attributed to the presence of silicone oil above water, and the resulting sta- 
bilizing influence. The wide disparity in the average interface temperatures calculated 
by the correlation as well as the experiment can be traced to this factor. It is also to 
be expected that the thermal fields in the experiment are fully three dimensional. The 
interferograms obtained at the higher Rayleigh numbers (Figures 5.35(b-c)) showed some 
unsteadiness, the fringe patterns switching among 3-4 and 5-6 states respectively in the 
central portion of the cavity. The most long-lived pattern recorded during four hours 
of experimentation has been shown in Figures 5.35(b-c). Using the fringe patterns of 
Figures 5.35(a-c), the temperature profiles in the water portion of the cavity have been 
drawn in Figures 5.36(a-c). The figure indicates a larger temperature drop in oil as 
compared to water. The temperature drop first decreases and then increases in the oil 
portion with increase in the Rayleigh number. Correspondingly, the changes in the in- 
terface temperature are not monotonic. This situation is encountered when the effective 
conductivity (molecular + convective) of one layer does not change systematically with 
respect to the other. The molecular conductivity can be augmented by fluid motion via 
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Figure 5,35: Steady state interferograms (a,b,c) and the corresponding roll patterns in 
the side view (al,bl,cl) in water for a cavity filled with equal layer heights of silicone oil 
and water. Cavity temperature difiFerences are (a) 10 K, (b) 15 K and (c) 18 K. Layer 
Rayleigh numbers are marked on the right column. 








182 


Two-layer Convection in a Rectangular 



Figure 5.36: Depth-averaged temperature profile in the water portion in a cavity filled 
with equal layer heights of oil and water; Cavity temperature differences are (a) 10 K, 
(b) 15 K and (c) 18 K. 



Figure 5.37: Local Nusselt number variation at the hot wall in a cavity filled with equal 
layer heights of oil and water; Cavity temperature differences are (a) 10 K, (b) 15 K and 
(c) 18 K. 


the Nusselt number and hence the Rayleigh number. The augmentation is more pro- 
nounced (a) at lower Rayleigh numbers, and (b) at points of transition in the flow 
pattern. The augmentation is seen in gas-liquid as well as liquid-liquid combinations, 
though it is more prominent in the later since the molecular conductivity contrast is 
smaller. Equivalently, The Rayleigh number ratio is closer to unity unless the layer 
heights are equal. In gas-liquid layers, the basic temperature profile (and the overall 
Rayleigh number ratio) is determined by the conductivity ratio, but smaller fluctuations 
in the interface temperature occur with a change in the cavity temperature difference. 

The local Nusselt number distribution at the hot wall is shown in Figures 5.37(a-c). 
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Table 5.9: Comparison of the experimentally determined width-averaged Nusselt number 
and interface temperature with correlations (marked ‘Ref’) in a cavity filled with equal 
layer heights of oil and water. 


AT, K 

Tr (Exp), °C 

Ti (Ref), °C 

Nu (water) 

Nu (Ref) 

Nu (oil) 

Nu (Ref) 

0.3 

25.82 

25.96 

2.49 

2.20 

0.93 

1.15 

10 

25.86 

24.60 

4.20 

5.49 


3.67 

15 

30.66 

28.90 

4.21 

6.29 

- 

4.21 

18 

33.68 

31.50 

3.95 

6.72 

- 

4.47 


Based on Figures 5.37(a-c), the heat transfer rates at the walls have been presented in 
terms of width-averaged Nusselt number and compared with the correlations in Table 
5,9. The discrepancy in the comparison can be traced to mechanical coupling between 
the fluid layers at lower temperature differences and unsteadiness in water at higher 
temperature differences. The first factor namely the retardation of the convection cells, is 
dominant over the entire temperature range studied. This is to be seen by the consistent 
reduction in the Nusselt number in water, with respect to the correlations. 


5.3.3 Cavity 2/3rd filled with water and l/3rd oil 

In the present section, convection patterns based on the water layer filling 2/3rd of the 
cavity are discussed. Figure 5.38(a) and 5.38(al) respectively shows the interferogram 
and the corresponding roll patterns for the oil-water experiment with a temperature dif- 
ference of 0.3 K across the cavity. The experimental and estimated interface tempera- 
tures were 25.85 and 25.96°C respectively. Accordingly, the Rayleigh numbers calculated 
on the water and oil sides temperature were 6610 and 643 respectively. In the oil phase, 
no-flow condition exists as the Rayleigh number is less than the critical value and the 
fringes appeared straight. The water phase being subjected to a higher Rayleigh number 
showed convective flow that was quite steady in time. The fringe displacement in Fig- 
ure 5.38(a) suggests the circulation to be close to unicellular in the clockwise direction 
(Figure 5.38(al)). Here, the interface acts as a cold and hot boundary respectively for 
the water and the oil layers. Since the motion in water is barely communicated to oil, it 
may be predicted that the two-layers are thermally coupled at the interface. Based on 
the fringe patterns of Figure 5.38(a), the depth-averaged temperature profile has been 
plotted in Figure 5.39(a). The profile looks close to linear with comparable tempera- 
ture drops in oil and water. The slope discontinuity is partially revealed at the interface. 
Based on the depth-averaged temperature profiles, the local Nusselt number distribution 
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Figure 5.38: (a) Steady state interferograms and fh) rnrrr^^ i- 

cavjty filled with l/3rd silicone oil and S/Sriwata- avv»v Patterns i. a 

<■ Layer Rayleigh numbera are marked on tlic riglit colur^n. ‘'"fference is 0,3 
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Figure 5.40: Steady state i 
(aljbljCl) in water for a ca’’ 
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atures obtained have been summarized in Tabic 5.10. The Rayleigh numbers calculated 
in the water phase were 2.76x10®, 5.25x10® and 7.15x10® respectively for the three 
temperature differences. The corresponding value.s for oil were 20,564, 30,924 and 37,184 
The flow patterns obtained in Figure 5.40(a) were quite steady with time even though the 
driving buoyancy potential was very high. This is once again due to the stabilizing effect 
of oil which retards the flow in water. It is clear evidence of mechanical coupling between 
the fluid layers. With an increase in the Rayleigh number (Figures 5.40(b-c)),the flow in 
water showed some unsteadiness near the interface. The flow were seen to switch among 
4-6 states with time. The dominant pattern has been captured and are presented in 
Figures 5.40(b-c). Using the fringe patterns of the three experiments of Figures 5.40(a- 
c), the depth-averaged temperature profiles in the water phase have been determined. 
This are shown in Figures 5.41(a-c). The main conclusion to emerge from the figure is 
that a considerably larger temperature droj) occurs in oil as compared to water. The 
interface temperature shows a greater variability with respect to the cavity temperature 
dilference. The local Nusselt number distribution based on the temperature profiles have 
been estimated at the hot wall and is shown in Figures 5.42(a-c). The width-averaged 
Nusselt number at the hot wall was calculated and compared with the correlations, Table 
5.10. A high discrepancy is to be noticed between the two sets of interface temperatures 
and Nusselt numbers. As in Section 5.3.2, the source of the discrepancy is mechanical 
coupling at AT = 10 K, and additionally, fringe unsteadiness at higher temperature 
dilferences. 



Figure 5.41: Depth-averaged temperature profile in water for a cavity filled with layer 
heights of l/3rd oil and 2/3rd water; Cavity temperature differences are (a) 10 K, (b) 
15 K and (c) 18 K. 



5.3 Silicone oil- water experiments 




Table 5 10: Comparison of the experimentally determined width-averaged Nusselt num- 
ei and interface temperature with correlations (marked ‘Ref’) in a cavitv fillprl > 1 , 
layer heights of l/3rd oil and 2/3rd water. ^ ^ 



5-3.4 Temporal evolution 

A time sequence of interferograms in an unsteady field in silicone oil-water, experiments 

IS presented below. The fringe patterns shown are for water. Layer heights of 1/2 and 

2/3 with respect to the cavity height and a temperature difference of 18 K have been 
considered. 

The fringe patterns of Figure 5.35(c) (1/2 oil-1/2 water, 18 K) was the dominant 
pattern recorded for data analysis. The unsteadiness noticed in that experiment has been 
shown in Figures 5.43 (a-f). The time interval between two successive image captured was 
around 15 seconds. The fringe patterns in the region near the hot wall were almost steady 
indicating dominance of diffusive heat transfer. Higher unsteadiness was observed near 
the interface region. The unsteady fringe patterns for the experiments of Figures 5.40(b- 
c) (1/3 oil-2/3 water, 18 K) have been presented in Figures 5.44(a-f). Unsteadiness was 
noticed both at the hot wall and the interface region. The time interval between rivo 
successive images was around 5 seconds, indicating a stronger convective motion. Both 
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Figure 5.43; Time sequence of interferograms in water for a cavity temperature differ- 
ence of 18 K; silicone oil-water experiments with equal layer thicknesses. Time interval 
between two successive images is 15 seconds. 









5,4 Nature of coupling 


189 



Figure 5.44; Time sequence of interferograms in water for a cavity temperature difference 
of 18 K; silicone oil-water experiments with 2/3rd water and l/3rd oil in the cavity. Time 
interval between two successive images is 5 seconds. 

sets of images show light streaks coinciding with local fringe extrema. They can be 
associated with large thermal gradients and hence strong refraction. 


5.4 Nature of coupling 

The two modes of coupling namely thermal and mechanical, obtained in the experiments 
for all fluid combinations and layer heights have been summarized in Table 5.11. In am 
given experiment, both modes are present. Differences are seen only with respect to 
their relative importance. The following observations are to be recorded with reference 
to the coupling mechanism established at the interface. 
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Table 5.11: Summary of Mechanical (M) and Thermal (T) coupling modes obtained in 
air-water, air-oil and oil- water experiments for all layer heights. A dominant thermal 
coupling in which mechanical coupling is present but secondary is indicated as Ta 
W hen both modes are important, the notation T-M is employed. 


Fluid combinations 

AT, K 

Remarks 

0.3 

10 

15 ■ 

18 

1/3 air 2/3 water 

“ 

T 

T 

T 

1, 4, 5, 6, 7 and 8 

1/2 air 1/2 water 


T 

T 

Tm 

1, 4, 5, 6, 7 and 8 

2/3 air 1/3 water 


M'-p 

M'p 

Mp 

5, 6 

1/3 air 2/3 oil 

T 

-¥-Tl 

Mq-i 

T-M 

4, 5 and 6 

1/2 air 1/2 oil 

T 

T 

T 

T 

4, 6 and 7 

2/3 air 1/3 oil 

T 

T 

T 

T 

2, 4 and 6 

1/3 water 2/3 oil 

Mt 

M'j' 

M^p 

Mp 

3, 5 and 7 

1/2 water 1/2 oil 

Mqp 

^T 

JkL 

Mp 

3, 4, 5, 6 and 8 

2/3 water 1/3 oil 


M'J! 

Mp 

Mp 

3, 4, 5, 6 and 8 


1. In the experiments involving air, the layers were found to be thermally coupled. 
The unsteadiness in water could however be transmitted to air in the mechanical 
coupling mode. 

2. The switching phenomena, a step towards chaos via time-dependent flow, was 
noticed in the air portion of air-oil experiments at Rayleigh numbers higher than 
12,900. 

3. The presence of silicone oil over water led to mechanical coupling in the sense that 
the convective field in water was visibly retarded. 

4. The interface temperature determined from the experiments matched those from 
correlations for a single fluid whenever the coupling was thermal in origin. The 
differences were higher during mechanical coupling and in cases where the time- 
dependent switching phenomena occurred. The temperature drop developed in 
the upper fluid layer based on the interface temperature obtained is shown with 
respect to the cavity based temperature difference in Figure 5.45. 

5. Heat transfer rates in terms of the non-dimensional width- averaged Nusselt number 
matched well with the correlations at lower Rayleigh numbers. Deviation tends to 
increase with increase in the Rayleigh numbers, in particular with the experiments 

, involving water. 

6. During thermal coupling, the flow regimes in the individual layers matched those 
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igure 5.45: Comparison between experiment (left column) and reference (right column) 
or the cavity temperature difference as a function of the temperature drop across the 

upper fluid layer for all fluid combinations and layer heights. 

' \ 
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specified for single fluid layers at the Rayleigh number based on the layer height 
and the temperature difference with respect to the interface. 

7. The interface deformation was uniformly small in all the experiments, indicating 
that mechanical coupling though present, had not become a primary mechanism 
linking the fluid layers. Surface tension as well as its gradients were also uni- 
formly small in the experiments. The interface deformation correlated with the 
roll movement visible in the fringes. 

8. Based on interface deformation, three-dimensional effects were noticed in the ex- 
periments involving water that led to movement of interface and oscillation of light 
streaks with their origin at the lower heated surface of the cavity. 

5.5 Flow characteristics at comparable Rayleigh num- 
bers 

Convection patterns in the individual fluid layers in different experiments for Rayleigh 
numbers that are within ± 10% of each other are compared in the present section. 
In single-fluid convection, the thermal field is uniquely determined by the Rayleigh and 
Prandtl numbers. In superposed fluid layers, a variety of other parameters are significant, 
However, in the present study the additional factor that was seen to control convection 
was the nature of coupling between the fluid phases, and the thermal conductivity and 
viscosity ratios. 

Interferograras in air from air-water and air-oil experiments are compared in Figure 
5,46. The Rayleigh number here is close to the critical value of 1708. In the air-water 
experiment, a weak convective roll is to be seen. In the air-oil experiment, the fluid move- 
ment closer to the cavity center is indicative of two rolls, despite a subcritical Rayleigh 
number. The appearance of one as opposed to two rolls is related to the uncertainties 
of the Rayleigh-Benard experiment itself. The single roll, however is characteristic of 
convection in an air-filled cavity and thus may be expected under conditions of thermal 
coupling. The twin rolls in the air-oil experiment at subcritical Rayleigh numbers can 
be linked to mechanical coupling of the fluid layers^^. 

The fringe patterns in air at higher Rayleigh numbers are compared in Figures 
5.47(a-b) for air-water and air-oil combinations and equal fluid layer heights. The thermal 
fields in air look similar in terms of the displacement and fringe spacing. The convective 
Mechanical coupling initiates fluid motion in this experiment. 
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Figure 5.46: Interferograms obtained in air in a cavity containing layers of (a) 1/3 air 
and 2/3 water, AT = 15 K and (b) 1/3 air and 2/3 oil, AT = 15 K. 


field is more vigorous in (a) compared to (b). The thermal fields in both experiments 



Figure 5.47: Interferograms obtained in air in a cavity containing layers of (a) 1/2 air 
and 1/2 water, AT = 10 K and (b) 1/2 air and 1/2 oil, AT = 10 K. 


were quite steady, while flow pattern was unicellular in the clockwise direction. The 
nature of coupling can be inferred to be thermal for this set of experiments. 


The fringe patterns obtained in water for different fluid combinations are compared 
in Figures 5.48(a-b). Four and two counter-rotating rolls are seen in (a) and (b) respec- 



Figure 5.48: Interferograms obtained in water in a cavity containing layers of (a) 1/2 air 
and 1/2 water, AT = 15 K and (b) 1/3 water and 2/3 oil, AT = 10 K. 


tively. The rolls in the air-water experiment are closer to the interface region while those 
in air-oil scale the full cavity height. The flow in (a) exhibited mild unsteadiness while 
in (b) it was quite steady. The flow field in (b) is thus stabilized by the presence of oil 
above indicating the oil and water layers to be mechanically coupled. In water, the flow 
field is practically three dimensional and unsteady, as expected in a water-filled cavity at 
this Rayleigh number. Hence it can be concluded that water is thermally coupled with 
air above. 
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Interferograms in water at vary high Rayleigh numbers are compared in Figures 
5 l(a-b). High unsteadiness in (a) and quite steady fringe patterns in (b) were obtained. 
Ida), the number of rolls changed from 6-8 with time near the interface, on the other 


Figure 5.49: Interferograms obtained in water in a cavity containing layers of (a) 1/3 air 
aD(12/3 water, AT = 18 K and (b) 1/2 water and 1/2 oil, AT = 10 K. 


.09E-h05 


! laud, 2 counter-rotating rolls were seen in the full cavity in (b) and the pattern was 
practically steady. In air, the nature of coupling changed from mechanical to thermal in 
tie air-oil experiment at higher Rayleigh numbers. In contrast, the type of coupling in 
ivaterisseen to be invariant with respect to Rayleigh number, being thermal in air-water 
axperiments and mechanical in oil-water experiments. In the latter, mechanical coupling 
retards vigorous convection taking place in water. 


Figures 5.50(a-b) show interferograms in the oil phase at subcritical Rayleigh num- 
bers. Owing to the complete dominance of conduction over convection heat transfer, 
straight fringes appear in the field-of-view in particular in (a). However, the fringe pat- 



Hgure 5.50: Interferograms obtained in oil in a cavity containing layers of (a) 1/2 air 
and 1/2 oil, AT = 0.3 K and (b) 2/3 water and 1/3 oil, AT = 0.3 K. 


terns of (b) show some curvature with the possibility of the formation of a unicellular 
roll in the counter-clockwise direction. Fringe curvature can also be related to two di- 
®ensionality of the thermal field in the conduction regime. At the limit of zero flow, the 
fluid layers can only be thermally coupled. 

The results obtained at near critical Rayleigh numbers in the oil phase are compared 
® Figures 5.51 (a-b). The flow is seen to be initiated near the interface in (a) in the 
form of two counter-rotating rolls. The two counter-rotating rolls scale the full cavity 
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Figure 5.51: Interferograms obtained in oil in a cavity containing layers of (a) 1/3 air 
and 2/3 oil, AT = 0.3 K and (b) 1/2 water and 1/2 oil, AT = 0.3 K. 

height in (b), a strong descending flow being closer to the cavity center. As discussed in 
Section 5.3.2, the flow orientation in (b) is opposite to that in water and the two layers 
are mechanically coupled, thermal coupling being of secondary importance. In (a), the 
interface region is active and the layers are thermally coupled^^ (Section 5.2.1). 


5.6 Interface deformation 

The deformation of the fluid-fluid interface in the present experiments was not observed 
to be significant. Hence, in the above discussion on the convective fields in the individual 
fluid layers, the influence of a deformed interface was not highlighted. It was however 
possible to detect small changes in the interface shape with temperature difference, by 
configuring the interferometer to record shadowgraph images. The major conclusion to 
emerge from the images is that the interface deformation follows the cellular convective 
field in the fluids, and is associated with the mechanical coupling of the fluid layers. 

Figure 5.52 shows the deformed interfaces for air-water, air-silicone oil and silicone 
oil-water layers. The layer thicknesses in each pairs of the fluids are maintained equal 
(1/2-1/2). Two cases wherein the fluids are stationary (AT = OK) and in motion with 
the highest temperature difference across the walls (AT = 18 K) have been presented. 
The images have been magnified in the vertical direction, while the horizontal dimension 
represents the width of the cavity. An examination of the shadowgraphs at zero temper- 
ature difference shows that the base interface shape is quite flat. Thus surface tension 
does not play a significant role in the present experiments. 

For the air-water experiments (Figures 5.52(a-b)) at AT=18 K, the overall tem- 
perature drop across the water layer in the horizontal direction was only 0.36 K. Thus 
the temperature variation established over the interface was negligible. As a result, 

^^Thermal coupling was favoured in all air-oil experiments and Rayleigh numbers; mechanical coupling 
■was seen to the extent that air was set into motion at Rayleigh numbers below 1708. 
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llaraiigoni convection can be expected to be of secondary importance. In contrast, an 
jpmrd displacement of the interface occurs at regions where the fluid has a positive 
vertical velocity. Thus the orientation of the roll patterns (Figure 5.4{cl)) in the inter- 
[erograms of the water layer correlate well with the deformed interface shape^h This 
result is also in agreement with the observations of Edwards et al. (1991) for buoyancy- 
driven convection, where the rise of fluid occurs towards centers of high elevation and 
falls in the depressed region. 


0.86 


Figure 5.52; Interface deformation in a cavity for equal layer heights consisting of air- 
'vater (a-b), air-oil (c-d), and oil-water (e-f) respectively; Cavity temperature difference 
d 0 (a,c,e) and 18 K (b,d,f) imposed across the cold (top) and hot (bottom) walls. 
Deformed interfaces are emphasized in black. The vertical scale is for y/h. 


In the experiments carrying water, the region below the interface (and near the 
wall) shows a higher light intensity (Figures 5.52(b) and 5.52(f)) with an increase in 
Ihe temperature difference. The bright regions represent refraction of the laser beam 
from the lower wall into the bulk of the water layer, in the direction of decreasing 

^The interface displacement correlates best with the strongest roll; in other words, not every roll will 
''toduce a change in elevation. 
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rature This effect is not pronounced at lower temperature differences. It is seen 
^^Te^more prevalent in the oil-water experiment (Figure 5.52(f)) as compared to the 
‘“Jater experiment (Figure 5.52(b)). In the former, the light intensity patterns show 
^\i -dual streaks that are characteristic of a three dimensional thermal field. These 
^ b rvations are quite consistent with the temperature drops and the individual Rayleigh 
° mbers referred in Sections 5.1-5.3. In the experiment with air and silicone oil (Figures 
r^2fc-d)) the entire light beam was lifted off the region being imaged, leading to the 
field appearing darker at AT=18 K, when compared to the image for zero temperature 
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In the present experiments on oU-water layers, the time-dependent movement o 
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the interface was clearly visible. The movement of the interface has been shown in 
iiic form of shadowgraph images of the water layer, at a regular time interval. Figures 
i55(a-h) and 5.56(a-h) show the interface displacement in a cavity filled respectively 
with 1/2 and 2/3rd water (the rest being oil) in an oil- water experiment at an imposed 
temperature difference of 18 K across the cavity surfaces. Three-dimensional effects are 
more pronounced in Figure 5.56 as compared to Figure 5.55. This is brought out by 
the large individual streaks of light emanating from the lower hot wall. It was also 
noticed that the streaks of light oscillate with the moving interface. It is expected that 
the buoyant motion that drives the fluid flow also regulates the interface shape even 
while switching between different states. In principle, the shadowgraph images can be 
processed to extract information about temperature gradients and velocity. It is proposed 
to take up this study in the future. 



Figure 5.54: Interface deformation in a half-filled cavity in air-water experiments; Cavity 
temperature differences are (a) 5 K, (b) 10 K, (c) 15 K and (d) 22 K. Deformed interfaces 
are emphasized in black. 
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figure 5.55: Moving interface in water for a cavity temperature difference of 18 K; 
silicone oil-water experiments with equal layer thickae.sses. Time interval between two 
.siicce.ssive images is 15 seconds. Moving interfaces are emphasized in black. 
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Figure 5.56: Moving interface in water for a cavity temperature difference of 18 K; 
silicone oil- water experiments with layer thicknesses of 2/3rd water and l/3rd oil. Time 
interval between two successive images is 5 seconds. Moving interfaces are emphasized 
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5.7 Closure 

In air-water experiments, the convective motion in each layer was driven by the individual 
temperature difference across the respective fluid layer, indicating thermal coupling at 
the interface. However, the convection cells in water destabilized the circulation in 
air, by introducing unsteadiness through the mechanical coupling mode. In air-silicone 
oil experiments, the fleld-of-view in air was completely bright, while straight fringes 
occurred in oil at very low Rayleigh number. A time-dependent flow in air was realized 
at a Rayleigh number higher than 12,900. Convection in oil led to incipient convection 
in air at subcritical Rayleigh numbers. The 'fluid layers were found to be thermally 
coupled for small layer heights of silicone oil. In other experiments, oil had a tendency 
to retard convection in air. In silicone oil-water experiments, the conductivity ratio 
determined the Rayleigh number ratio in the cavity. Generally, the convective flow in 
water was retarded owing to the stabilizing influence of silicone oil floating over water. 
This suggested the flow to be mechanically coupled at the interface. 

When the layers were thermally coupled, the experimental interface temperature 
and Nusselt numbers matched the single layer correlations. Larger discrepancies were 
seen when the layers were mechanically coupled and beyond the onset of unsteadiness. 
For time dependent, flow, the layers were thermally as well as mechanically coupled. 

High unsteadiness in the fringe patterns was noticed in the experiments involving 
water. The time sequence of the interferograms indicated a change in the number of 
rolls formed as a function of time. The unsteadiness in the rolls was noticed more in the 
central as compared to the interface region. The unsteadiness at the interface could be 
linked in many cases to the start of mechanical coupling. 

The interface deformation was uniformly small in all the experiments. The corre- 
lation of the roll movement (for example. Figure 5.1 (al)) with the deformed interfaces 
(Figure 5.53(b)) suggested the flow to be buoyancy-driven, while surface tension-driven 
convection was of secondary importance. Movement of interfaces and oscillation of light 
streaks indicated the presence of three-dimensional effects in the experiments involving 
water. 



Chapter 6 

Two-layer Convection in a Circular 
Cavity 


Experiments on two-layer convection in a circular cavity are reported in the present 
chapter. The apparatus is octagonal in plan that closely approximates a circular cavity. 
It has a nominal diameter of 130.65 mm and a height of 50 mm. The layer heights have 
been kept equal to 25 mm for all fluid combinations. This yields the cavity and the 
individual layer aspect ratios (= diameter/layer height) of 2.61 and 5.22 respectively for 
all experiments. The schematic drawing of the test cell is shown in Figure 3.2 and is not 
repeated here. The fluid combinations of air and water, air and silicone oil, and silicone 
oil floating over water have been selected for the experiments. The grade of the silicone 
oil employed in the experiments is 50 cSt. Temperature differences as low as 0.4 K to 
18 K were applied across the cavity in a destabilizing configuration. This resulted in a 
wide range of individual Rayleigh numbers to be explored in the fluid layers. The range 
of Rayleigh and Prandtl numbers studied are summarized in Table 3.1 and in Tables 
3. 5-3. 7 of Section 3.3 (Chapter 3). 

Reconstruction of the thermal fleld in the fluid layers using principles of tomography 
could not be accomplished in the rectangular cavity owing to projection data being 
obtained from a single view angle (Chapter 5). This limitation was overcome in the 
circular cavity. The apparatus was fabricated to scan the thermal field from four different 
view angles namely 0, 45, 90 and 135°. The fifth view angle of 180° is identical to 0°. The 
projection data was collected with square optical windows arranged vertically between 
two horizontal copper plates. Since a parallel beam of light is used in the experiments, 
a purely circular cavity could not be used. Since the aspect ratio of an individual layer 
is greater than 5, it is expected that the convection patterns of a circular cavity will be 
broadly reproduced in the octagonal. 
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The experiments have been performed in the infinite fringe setting of the interfer- 
ometer. When a thermal disturbance is introduced in the path of the test beam, fringes 
appear in the field-of-view. The fringes represents contours on which the path integral 
of the temperature field along the direction of the light beam is a constant. The align- 
ment of the interferometer in the infinite fringe setting was individually carried out for 
the fluid phases to capture the interferograms. For this purpose, the reference chamber 
whose length closely matched the distance between the optical windows, was filled with 
fluid layers of equal thickness as in the test cell. The reference chamber was required to 
be thermally inactive. A reduced geometric path length in the present circular cavity 
made the interferometer sensitive to temperature changes in water and silicone oil, but 
not air. The situation is in contrast to the observations in the rectangular cavity of 
Chapter 5, where clear fringes were recorded in air. 

The planform of the cellular pattern is determined largely by the shape of the 
apparatus. Thus the roll structures obtained in the rectangular and the circular cavity 
are expected to be quite different. In a rectangular cavity, the cells tend to be aligned 
parallel to the shorter side; alternatively a collection of longitudinal rolls is obtained. 
In the circular cavity, the rolls are expected to form concentric rings. The possible roll 
formation in the two geometries of the test cell are compared in Figures 6.1(a) and 6.1(b) 
respectively h 

When a laser beam is used to image the thermal field, the interferometric fringes 
align with roll pattern for a rectangular cavity. Conversely, the roll pattern can be 
identified from the fringe displacement. For a circular cavity, the fringe field forms as 
a superposition of several rolls. It can be shown that for the roll pattern of Figure 
6.2(b), the fringes (namely, the contours of constant depth-averaged temperature) ar- 
range themselves to form a symmetric Q (omega) pattern. The full thermal field of the 
fluid layer is a collection of omegas (fl) and inverse omegas ( 15 ) inter-linked with one 
another (Figure 6.2). Such patterns have also been noticed in experiments and calcula- 
tions for buoyancy-driven convection in a large aspect ratio circular cavity by Srivastava 
and Panigrahi (2002). 

In the present chapter, the experimental data obtained in the form of interferograms 
have been interpreted to understand the influence of increasing Rayleigh number on 
transition to three dimensionality and unsteadiness. Results have also been presented 
to examine the axisymmetry of the thermal field and the reconstructed isotherms by 
applying a tomographic algorithm for selected planes in the cavity. 


'•These patterns represent streamlines and break down with increasing Rayleigh number. 




6.1 Air-water experiments 


205 



Figure 6.1: Roll formation in (a) rectangular and (b) circular cavities, after Velarde and 
Normand (1980), at moderate Rayleigh numbers. 



Figure 6.2: Idealized isotherms in orthogonal viewing of (a) rectangular and (b) circular 
cavities, corresponding to the rolls in Figure 6.1. 

6.1 Air- water experiments 


Results on two-layer convection in a cavity containing air-water layers are presented in 
the following section. The heights of fluid layers in the experiments were maintained 
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equal at 25 mm. Experiments were conducted with four temperature difference! 

6.5, 8.5, 13 and 18 K in a thermally destabilizing configuration. Interferograms for the 
angles of 0, 45, 90 and 135" in terms of the projection data of the thermal field 
the fluid layers were recorded. Based on the projection data, the temperature field 
on selected planes of the fluid layer has been reconstructed using the convolution back 
projection algorithm. 


view 
in 


6.1.1 Steady state thermal field 

Fiinge patterns in a cavity half-filled with water and the rest being air are presented in 
Figures 6.3(a-b) respectively for the view angles of 0 and 90°. The interferogram has 
been captured after an experimental run time of 4 hours, when the flow field was fully 
evolved and the fringe patterns were quite steady. The top and bottom surfaces have 
been maintained at the temperatures of 22.5 and 29°C respectively by circulating water 
from constant temperature baths. Thus a temperature difference of 6.5 K is imposed 
across the cavity. Based on correlations for single fluid (Gebhart et al, 1988, Equations 
4.26 and 4.27) along with an energy balance calculation, it is possible to determine 
the interface temperatures and the layer Rayleigh numbers. The experimental and the 
estimated interface temperatures from the correlations have been obtained as 28.0 and 
28.86°C respectively^. The Rayleigh numbers can thus be calculated to be 9,530 and 
48,474 in air and water respectively. Figures 6.3(a-b) show that the flow patterns at 
different view angles looks similar in terras of orientation of fringe patterns, number 
of fringes and the fringe spacing. Owing to similarity of fringe patterns obtained with 
respect to the view angle, the thermal field may be expected to be axisymmetric, The 
fringes in the water phase are denser than in air, because the temperature drop per fringe 
shift are quite different, being 0.059 and 5.655 K respectively for water and air. 

The characteristic inverse-0 pattern of fringes can be seen on the left side of the 
cavity, while they are incomplete elsewhere. The S-shaped fringes in air can also be 
interpreted as portions of O, that would have been fully visible if the entire cavity had 
been, fully imaged. This is a hypothetical point since a parallel beam of light would refract 
at inclined surfaces. It can now be concluded that convection in the two fluid layers 
is broadly axisymmetric. The concentric rolls formed in air and water are seen to be 
broadly similar. The flow field in each layer is driven by the respective temperature 
difference between the nearest wall and the interface. Therefore, it can be conclud 

^The average interface temperature was determined from the interferograms by starting the cal 
tions of Chapter 4 from the heated wall. 
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that the two layers are thermally coupled. High density fringes were noticed near the 
interface region suggesting the interface to be thermally active, despite being a free-slip 
boundary. The regions of a small fringe spacing can be associated with a large local 
diffusive heat flux in the liquid phase. 



Ra(air) = 9530, Ra(water) = 48,474 


Figure 6.3: Interferograms obtained at steady state in the cavity containing air and water 
for a temperature difference of 6.5 K. View angles considered; (a) 0° and (b) 90°. 

In Figures 6.3(a-b), closed fringes are to be noticed in the water layer. These 
fringes have not been included in the temperature calculation. It is expected that valid 
isotherms would intersect the insulating side walls as well, since temperature here would 
monotonically decrease from the highest value at the lower boundary to the lowest at 
the top. The closed fringes can be thought of as higher order fringes^ that are formed 
by an additional path difference between the test and the reference beam by refraction. 
This has been verified by an additional experiment in the water phase performed with 
the wedge fringe setting of the interferometer, the view angle being 0°. The initial 
wedge fringe setting of the interferometer before the start of the experiment is shown 
in Figure 6.4(a). Away from the lower wall, the fringes are practically straight and can 
be used to map the temperature profiles in water. For a temperature difference of 6.5 
K, the interferogram was recorded after the flow field was fully evolved and is shown 
in Figure 6.4(b). In the wedge fringe setting, the fringe patterns show the temperature 
profiles in the fluid medium. In the core of the fluid layer, the temperature variation 
is mono tonic, confirming that closed isotherms cannot form in the experiment being 
performed. Therefore the higher order fringes have been neglected in the quantitative 
measurements of the thermal field in the fluid layers. 


^for which the phase difference is not zero but 2nn, n = 1, 2, ... 
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Figure 6.4: Initial (a) wedge fringe setting and (b) wedge fringes during convection 
obtained in the water layer at a temperature difference of 6.5 K; View angle considered 
is 0°. 


The fringe patterns of Figures 6.3 (a-b) can be utilised to evaluate the temperature 
field and Nusselt number variation in the cavity. Based on Figures 6.3 (a-b), the line-of- 
sight averaged temperature profiles in the water layer of the cavity have been determined. 
Quantitative measurement of temperature field in the air layer is restricted by the small 
number of fringes formed. This difficulty arises due to high temperature drop per fringe 
shift (ATj 5.655 K) in air. The expected temperature profile based on the fringe 
patterns in air is plotted by a dashed line. The line-of-sight averaged temperature profiles 
in the fluid layers are shown in Figure 6.5(a). These temperature profiles have been 
plotted as a function of the non-dimensionalised vertical distance {yjH), where the 
^-coordinate is measured from the air- water interface^. The principal observation to 
emerge from the Figure 6.5(a) is that the largest portion of the temperature drop occurs 
in air, in comparison to water. This is clearly due to the higher thermal conductivity of 
water compared to air. In water, the slope near the hot wall and the interface indicates 
the existence of large temperature gradient as compared to the central region. 



0 


3 



Figure 6.5: (a) Depth-averaged temperature profiles and (b) local Nusselt number vari- 
ation at the interface in a cavity half filled with water, the rest being air; Cavity tem- 
perature difference is 6.5 K. 


‘‘The dimensionless temperature is defined as 9 = (T - Tc)/(T/t — Tc). 
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Using the temperature profiles in water (Figure 6.5(a)), the local heat transfer 
rates in terms of Nusselt number were determined at the interface using Equation 4.25. 
The interface was chosen for temperature gradient calculation instead of hot wall since 
clear fringes that covered the whole width of the cavity were obtained in this region. 
The variation of the local Nusselt number at the interface with respect to the coordinate 
parallel to the width of the cavity is shown in Figure 6.5(b). Based on the respective 
local Nusselt number variation for two view angles, the width-averaged Nusselt number 
at the interface has been calculated. The width-averaged Nusselt number for 0 and 90° 
were found to be 3.95 and 3.96 respectively in the experiments. The two values obtained 
are quite close to each other and confirms the steady axisymmetric regime in the cavity. 
The interface temperature and the Nusselt number are compared with the correlations 
in Table 6.1. Based on the correlations, the global Nusselt number was estimated to be 
3.50. The correlations are applicable for a cavity with no-slip walls. A factor that can 
cause discrepancy between the measured Nusselt numbers and the correlations is the 
presence of a free-slip boundary. 

In Figures 6.6(a-b), a temperature difference of 8.5 K was imposed between the 
two horizontal surfaces. The cold and the hot surfaces were maintained at 21.5 and 30°C 
respectively. The experimental and the estimated interface temperature were calculated 
to be 28.66 and 29.72 respectively. Based on the estimated interface temperature, the 
Rayleigh numbers calculated in the air and water layers were 12,466 and 66,992 respec- 
tively. Due to an increased Rayleigh number in both the layers, slight unsteadiness in the 
fringe patterns was observed. The long-lived patterns have been captured and is shown 
in Figure 6.6. Here the fringe patterns of Figure 6.6 show a representative field obtained 
after four hours of experimentation. Interferograms obtained in water at 2 different view 
angles show dissimilarity in terms of fringe orientation, number of fringes, and fringe 
spacing. The air phase exhibits some degree of similarity in terms of roll orientation and 
number of fringes. Thus, it may be concluded that the thermal field in the cavity is two 
dimensional in air and three dimensional in water. An increased number of higher order 
fringes in the water layer during the course of experiments can be associated with higher 
temperature gradients and hence greater refraction within the fluid layer. 

Using the fringe patterns of Figure 6.6, the line-of-sight temperature profiles in the 
water layer were determined. In the air phase, the expected nature of the temperature 
profile alone could be plotted. The temperature profiles in the fluid layers are shown 
in Figure 6.7(a). Once again it can be seen from Figure 6.7(a) that the temperature 
drops are higher in air as compared to water. A comparison of Figures 6.5 and 6.7 
shows that a small increase in the cavity temperature difference has sharply decreased 
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the temperature drop in water, Correspondingly, that in air has increased. The result 
is to be understood against the background that the flow field in water is unsteady for 
the higher temperature difference. The increase in the interface temperature and a drop 
in the effective conductivity of water, thus represents a significant transition in the flow 
regime. 




Ra(air) = 12,466, Ra(water) = 66,992 

Figure 6.6: Long-time interferograms obtained in the axisymmetric cavity containing air 
and water for a temperature difference of 8.5 K. View angles considered are (a) 0® and 
(b) 90°. 


Based on the temperature profiles of Figure 6.7(a) in water, the local Nusselt 
number variation at the interface has been calculated. The variation of Nusselt number 
for the two view angles is shown in Figure 6.7(b). Applying numerical integration, 
the width-averaged Nusselt number can be calculated. The respective width-averaged 
Nusselt number for 0° and 90° view angle are 4.55 and 4.65 (Table 6.1). The estimated 
width-averaged Nusselt number from correlations was 3.74. A higher discrepancy can be 
linked to unsteadiness as well as three dimensionality in the flow established in water. 


Table 6.1: Comparison of the interface temperature and Nusselt number with Gebhart et 
al. (1988) (marked ‘Ref’) in a cavity containing layers of air and water of equal thickness. 


AT, K 

Ti (Exp), °C 

Ti (Ref), °C 

Nu (interface) 




view angle 0° 


Ref 

6.5 

28.00 

28.86 

3.95 

3.96 

3.50 

8.5 

28.66 

29.72 

4.55 

4.65 

3.74 
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Figure 6.7: (a) Depth-averaged temperature profiles and (b) local Nusselt number vari- 
ation at the interface in a cavity half filled with water, the rest being air; Cavity tem- 
perature difference is 8.5 K. 


6.1.2 Transient evolution of thermal field 

The transient evolution of the flow fields in the fluid layers are presented below. The view 
angles considered are 0 and 90°. The evolution of flow field refers to the time sequence of 
fringe patterns recorded after the two bounding surfaces are thermally stabilized®. In the 
rectangular cavity, the transient evolution patterns could not be recorded as the thermal 
field at the bounding surfaces and the flow field in the fluid layers jointly reached steady 
state. 


The cavity temperature difference considered here is 13 K. The corresponding 
Rayleigh numbers are 18,870 and 1.16E-I-05 in air and water layers respectively. The 
evolution patterns of the thermal fields in the fluid layers were recorded at a regular 
interval of 30 minutes. These patterns are respectively shown in Figures 6.8(a-f) and 
6.9(a-f) for the view angles of 0° and 90°. The flow field in the cavity reached a dynamic 
steady state after around 2.5 hours. In this state a temporally periodic spatial movement 
of fringe patterns was noticed. The dominant state that prevailed for the longest dura- 
tion are shown in Figures 6.8(f) and 6.9(f) respectively for the view angles of 0° and 90°. 
The fringe patterns obtained in the fluid layers at two view angles show dissimilarity in 
terms of the orientation of the fringe patterns and the spacing between fringes. Thus it 
may be concluded that the fluid layers are unsteady as well as three dimensional. The 
observation is in agreement with the flow regime diagram for single fluids, (Figure 2.1). 


^This happened quite early, in less than 50 minutes. 
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Ra(air) = 18,870, Ra(water) = 1.16E-1-05 


Figure 6.8: Transient evolution of fringe patterns in the cavity containing air and water. 
View angle considered is 0'’, and the cavity temperature difference is 13 K. Time in 
hr:min. 
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Ra(air) = 18,870, Ra(water) = 1.16E-f05 

Figure 6.9; Transient evolution of fringe patterns in the cavity containing air and water. 
View angle considered is 90°, and the cavity temperature difference is 13 K. Time in 
hr;min. 
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6.1.3 Three dimensional structures 

Temperature fields on selected planes of the fluid layers have been reconstructed from its 
inteferoraetric projections obtained at view angles of 0, 45, 90 and 135“. The projection 
data obtained at a view angle of 180“ (fifth view) is identical to that of the 0“ view angle 
and has also been used. Convolution back projection (CBP) has been chosen as the 
tomographic algorithm in the present work and is discussed in Section 4.9.1 (Chapter 

4). 

A large number of projections is required to apply effectively the reconstruction 
algorithm. In the present experimental setup, 5 view angles alone could be recorded in 
the form of interferometric projection data. Further, projection data obtained from a 
view angle covered 41% of the full width of the fluid layer in the cavity. The partial data 
has been obtained in the central portion of the cavity in the experiments. As required 
in tomography, the laser beam should scan the full width of the thermal field in each 
view. To achieve the requirement, the projection data was suitably extrapolated by a 
numerical scheme, (Section 4.9). The data size thus generated was a square m.atrix of size 
8 1 (rays) X 81 (view angles). The extrapolated data covered the full width of the cavity®. 
As discussed in Chapter 4, the extrapolation errors are not expected to be serious since 
the interferometric measurement is less sensitive towards the edges of the test cell where 
the geometric path length is small. Information that is de-emphasized in one projection 
is however captured in the next. In this respect, the thermal field is fully represented by 
the partial data itself. The process of extrapolation casts it in a form that is suitable for 
the numerical implementation of CBP. 

The original projection data is available at five view angles, resulting in an angular 
increment of 45“ . It is known that a coarse increment, common to limited-data tomog- 
raphy reconstructs the major features of the thermal field, while the minor features (in 
terms of physical size) are lost (Natterer, 1986). For this reason, tomography has been 
used in the present study to examine axisymmetry of temperature distribution, but not 
the small scale features such as knots and spokes. 

In Section 6.1.1, the interferograms obtained at the view angles of 0“ and 90“ were 
discussed. For applying tomographic algorithm, the interferograms for all view angles 
namely 0, 45, 90 and 135“ have been evaluated quantitatively through image analysis 
techniques to determine the temperature field in the fluid layers. Steady state interfer- 
ograms for all view angles are shown in Figures 6.10(a-d) and 6.11(a-d) respectively for 


®Mishra et al., 1999 have shown this size to be a reasonably large data set in terms of discretization. 
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temperature differences of 6.5 K and 8.5 K across the cavity. 





Figure 6.10: Long-time interferograms obtained in a cavity filled with air and water for 
a temperature difference of 6.5 K. View angles are (a) 0'’, (b) 45°, (c) 90° and (d) 135°. 


Three horizontal planes, namely y/h — 0.15, 0.5 and 0.85 have been considered 
for reconstruction. Here, y is the vertical co-ordinate and h is the water layer height. 
The projection temperatures obtained at the three planes have been plotted with respect 
to the transverse coordinate for all view angles in Figures 6.12(a-c) for a temperature 
difference of 6.5 K.’’’ Here, the transverse coordinate is parallel to the width of the cavity, 
and ulh = 0 represents the hot wall of the cavity. For the cavity based temperature 
difference of 8.5 K, the projection data in water for the three planes are respectively 
shown in Figures 6.13(a-c). In Figures 6.12(a-b), the view angles of 45 and 135° show a 
degree of axisymmetry in the data as compared to the other view angles. This trend is 
noticed for the lower {y/h = 0.15) as well as the mid-plane {y/h = 0.5) in water. As the 
selected plane approaches the interface {y/h = 0.85), there is a loss of axisymmetry for all 
the view angles (Figure 6.12c). In Figures 6.13(a-c), a temperature difference of 8.5 K was 
imposed across the cavity. A total loss of axisymmetry is noticed in the projection data 
for all the view angles and planes considered. This was also observed in the interferograms 
(Figures 6.11(a-d)), where the flow field had attained three dimensionality. 


^Temperatures within a single optical windows (rather than the full cavity) have been shown. 


projection data 
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figure 6.11: Long-time interferograms obtained in a cavity filled with air and water for 
a temperature difference of 8.5 K. View angles are (a) 0°, (b) 45°, (c) 90° and (d) 135°. 



Figure 
cavity, 
6.5 K. 


6.12: Projection data in water at three horizontal planes along the width of the 
Cavity half-filled with water, the rest being air for a temperature difference of 


At steady state, the average temperature over a given plane should be a constant 
for all the view angles. The projection data of Figures 6.12 and 6.13 show inconsistency 
iiithis respect though the differences are within the limits of experimental errors. The 
constancy of the average temperature has been strictly enforced by linear scaling of 
projection data before applying the tomographic algorithm. For the correction, the 
®nd average of all the projection data over a given plane was calculated. The average 
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Figure 6.13: Projection data in water at three horizontal planes along the width of the 
cavity. Cavity half-filled with water, the rest being air for a temperature difference of 


8.5 K. 
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Figure 6.14: Consistent projection data in water at three horizontal planes along the 
width of the cavity. Cavity half-filled with water, the rest being air for a applied tem- 
perature difference of 6.5 K. 





transverse coordinate, mm 


Figure 6.15: Consistent projection data in water at three horizontal planes along the 
width of the cavity. Cavity half-filled with water, the rest being air for a applied tem- 
perature difference of 8.5 K. 
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of projection data for each view angle was then forced to be equal to the grand average. 
With this approach, the individual trends for each view angle were retained and at the 
same time, the average temperature was a constant for a given plane, with respect to 
the individual projections. Figures 6.14(a-c) and 6.15(a-c) show the projection data 
respectively for 6.5 snd 8.5 K after the consistency checks have been enforced for the 
three horizontal planes. The improved consistency of the data is now quite evident. 

The consistent data set can now be supplied as an input for the reconstruction 
of the three-dimensional thermal field. The reconstruction of the temperature field in 
water over three horizontal planes from its interferometric projection are shown in Figures 
6.16(a-f). The cavity temperature differences are 6.5 K in Figures 6.16(a,c,e) and 8.5 K 
in Figures 6.16(b,d,f). For the lower Rayleigh number in Figures 6.16(a,c,e), a degree 
of axisymmetry is to be noticed in the form of concentric rings in the central portion 
of the cavity, The concentricity of the thermal field in the central region is seen to 
decrease from the near wall {yjh = 0.15) to the interface region [y/h = 0.85). The 
temperature contours show the center to be at a lower temperature as compared to its 
surrounding region. There is also a progressive reduction in the size of the isotherm of 
T = 27.4°C. This indicates that the cooler fluid descends at the center while the warmer 
fluid ascends at a neighbouring location to form a full roll. This scenario is schematically 
shown in Figure 6.17. At a higher Rayleigh number (Figures 6.16b,d,f) the extent of 



cold 


hot 


axisymmetry is uniform. This is surprising because convection at AT = 8.5 K was found 
to be strongly time-dependent. The similarity of the reconstructed temperatures shows 
that the dominant interferograms recorded for each view angle correspond to a particular 
roll-structure, that in turn is close to axisymmetric. The sign of circulation within the 
roll is indeterminate because no broadening of the isotherm (for example, T = 28.4‘’C) 
is to be seen, going from one plane to the next. 
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6.1.4 Interface deformation 

In the present section, the unsteadiness in the fringe patterns recorded in water and the 
deformation of the air-water interface have been discussed. The cavity based temperature 
difference considered is 18 K. The corresponding Rayleigh numbers in air and water were 
27,068 and 1.72E-I-05 respectively. High unsteadiness in the water layer was captured 
with respect to time and are shown in Figures 6.18(a-j), for a view angle of 0°. The 
recording of interferograms started only after 4 hours of experimentation when the flow- 
field was fully evolved. The time interval between successive images in Figure 6.18 is 
1 minute. Dense fringes indicating an active thermal region can be noticed near the 
interface. 

At the lower Rayleigh numbers, the deformation of the interface was not significant 
and therefore has not been discussed. However with increase in the Rayleigh number 
to 1.72E-t-05 in water, the deformation in the interface was noticeable. The interface 
location changed with respect to time. The interface was captured in the form of a 
shadowgraph. Moving interfaces are shown in Figures 6.19(a-j). The time interval be- 
tween successive images is 1 minute once again. The top portion near the interface is 
seen to be dark while the remaining portion looks bright. The bright region arises from 
the refraction of light from the high near-wall temperature gradients. Similar gradients 
are present at the interface as well. Refraction in this zone takes light out of the water 
layer, into air, thus rendering the region dark. Light streaks similar to the rectangular 
cavity experiments are to be observed in the present test cell. They can be related to 
the three dimensional unsteady field being established in water. The light streaks also 
bear a correlation to the change in curvature of the interface and point towards buoyant 
(rather than Marangoni) convection in the cavity®. 


6.2 Air-silicone oil experiments 

Experiments in a circular cavity containing superposed layers of air and silicone oil are 
discussed in the present section. The heights of fluid layers in the experiments were 
maintained equal at 25 mm. For high temperature differences in the rectangular cavity, 
refraction errors in the oil layer restricted the interferograms to be recorded in air alone. 
This difficulty was not encountered since the cavity length was smaller by a factor of 
3.7. Thus the overall range of Rayleigh numbers that could be imaged increased in the 
air-oil experiments. For measurements, temperature differences of 0.4, 1.8, 3.1 and 4.0 


®The correlation was seen to be realized spatially as well as in time. 
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Hgure 6.18: Interferograms obtained in water in the cavity containing half filled water, 
the rest being air at AT = 18 K; Time interval between two consecutive images is 1 
minute. 
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K were applied across the cavity. At higher temperature differences of 5.4 and 8.5 K, the 
unresolved high density fringes and the refraction in the oil layer restricted the analysis 
of interferograms. Fringes for view angles of 0, 45, 90 and 135° were recorded in the 
experiments for reconstructing the three dimensional thermal field in the oil layer. 


6.2.1 Steady state thermal field 

In the present section, steady state fringe patterns obtained at two view angles namely 
0 and 90° have been presented. Figures 6.20(a-b) show the interferograms recorded 
for a temperature difference of 0.4 K across the cavity. The two bounding cold and 
hot surfaces were maintained at temperatures of 29.7 and 30.1°C respectively. The 
experimental interface temperature obtained was 29.93°C, while the estimated interface 
temperature was 30.03°C. Based on the estimated value, the corresponding Rayleigh 
numbers in air and oil were 470 and 2011 respectively. Though the largest temperature 
drop occurs in air rather than in oil, no fringes in air were seen. On the other hand, 
dense fringes in the oil layer were obtained, the temperature drop per fringe shift (AT^) 
in air and oil being 5.65 and 0.012 K respectively. Fringe patterns were captured when 
the flow field in the cavity was quite steady, after 4 hours of experimentation. 



Ra(air) = 470, Ra(oil) = 2011 


Figure 6.20: Interferograms obtained at steady state in the cavity containing air and 
silicone oil for a temperature difference of 0.4 K. View angles considered: (a) 0° and (b) 
90°. 


Fringe patterns in the oil phase. Figures 6.20(a,b), show an Q-pattern. This indi- 
cates the thermal field to be axisymmetric about the vertical axis passing through the 
center of cavity. Thus the flow developed in the oil layer classifies as steady 2-dimensional 
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in the regime map of Figure 2.1. The fringe density is quite high near the lower wall 
indicating that the rolls are closer to the interface. In air, no fringes were obtained, 
though a conduction state is to be expected owing to the Rayleigh number being less 
than the critical value of 1708. 




Figure 6.21; (a) Depth- aver aged temperature profiles and (b) local Nusselt number vari- 
ation at the hot wall in a cavity half-filled with silicone oil, the rest being air; Cavity 
temperature difference is 0.4 K. 

Using the fringe patterns of Figures 6.20(a,b), the line-of-sight averaged temper- 
ature profiles can be plotted in the oil layer. Figure 6.21(a) shows the temperature 
profiles obtained in the oil layer for two view angles namely 0 and 90°. Though the air 
phase does not show any fringe, the expected nature of the temperature profile has been 
shown by dashed lines in Figure 6.21(a). A larger temperature drop takes place in air as 
compared to the oil owing to great difference in their thermal conductivities. A higher 
temperature gradients near the lower wall correlates well with the higher fringe density 
of the corresponding interferograms. 

Based on the temperature profiles of Figure 6.21(a), the local Nusselt number 
variation over the hot wall of the cavity has been determined. This is shown in Figure 
6.21(b) for the two view angles of 0 and 90°. Width-averaged Nusselt number at the 
hot wall in the oil layer has been calculated using the local variation. This is found to 
be 1.17 and 1.18 respectively for the view angles of 0 and 90°. The averaged Nusselt 
number based on the single fluid correlations (Equations 4.26 and 4.28) coupled with 
the energy balance principle was 1.12. The experimental value thus matched quite well 
with the correlation and is summarized in Table 6.2. 

In Figures 6.22(a,b), the temperature difference of 1.8 K was imposed across the 
cavity containing equal layer heights of air and oil respectively for the view angles of 0 and 
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90°. The experimental and the estimated interface temperatures calculated were 29.80 
and 29.87°C respectively. Accordingly, the Rayleigh numbers were determined to be 2237 
and 6963 respectively in the air and the oil layers. An increase in the Rayleigh numbers 
led to vigorous convection in the cavity. The thermal boundary layer formed near the 
lower wall was of lower thickness, indicating an increase in the roll size. The number of 
fringes in oil was higher due to an overall increase in the temperature drop between the 
lower wall and the interface. Once again, fringes were not seen in air. Steady ^-shaped 
isotherms, though with a distortion were obtained in the oil layer (Figures 6.22(a,b)). 



Ra(air) = 2237, Ra(oil) = 6963 

Figure 6.22: Interferograms obtained at steady state in the cavity containing air and 
silicone oil for a temperature difference of 1.8 K. View angles considered: (a) 0° and (b) 
90°. 


Based on the fringe patterns of Figures 6.22(a,b), the line-of-sight averaged tem- 
perature profiles have been determined in the oil layer and shown in Figure 6.23(a) for 
the view angles of 0 and 90°. The two view angles show practically identical tempera- 
tures, and thus a degree of axisymmetry in the thermal field. It is clear that the larger 
temperature drop in air with respect to the oil is due to the wide difference in their 
thermal conductivities. With an increase in the Rayleigh number, the convective rolls 
increase in size and tend to fill the oil layer. Accordingly, the temperature profile tends 
to become straighter, except for large gradients near the boundaries. Using the temper- 
ature profiles of Figure 6.23(a), the local Nusselt number variation at the hot wall in the 
oil layer can be calculated. This is shown in Figure 6.23(b) for the two view angles of 
0 and 90°. Based on the local variation, the width-averaged Nusselt number obtained 
at the hot wall were 1.83 and 1.88 respectively for the view angles of 0 and 90°. The 
estimated averaged Nusselt number based on the correlations was found to be 1.70, and 
is reported in Table 6.2. 
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Figure 6.23: (a) Depth-averaged temperature profiles and (b) local Nusselt number vari- 
ation at the hot wall in a cavity half-filled with silicone oil, the rest being air; Cavity 
temperature difference is 1,8 K. 


For a imposed temperature difference of 3.1 K across the cavity, the fringe patterns 
obtained for the view angles of 0 and 90° are shown respectively in Figures 6.24(a,b), 
The cold and the hot bounding surfaces were maintained respectively at 27 and 30.1°C. 
The experimental interface temperatures were 29.70 and 29.76°C for 0 and 90° view 
angles respectively. While, the estimated interface temperature was found to be 29.68°C. 
The Rayleigh numbers thus calculated were 3861 and 12,781 respectively in air and oil. 
Interferograms were captured after 4 hours of experimentation, when the flow field inside 
the cavity becomes quite steady with time. A single fringe appeared in the field-of-view of 
the air phase near the cold (top) wall owing to an increase in the temperature drop across 
it. Line-of-sight averaged temperature profiles in the oil layer have been determined 
from the fringe patterns and are shown in Figure 6.25(a). Based on the temperature 
profiles, the local Nusselt number variation at the hot wall has been plotted in Figure 
6.25(b). The width-averaged Nusselt number from the local variations were 2.16 and 
2.18 respectively for the 0 and 90° view angles. The estimated Nusselt number from the 
correlations was 2.08, Table 6.2. 

Figures 6.26(a,b) show the interferograms obtained at an applied temperature dif- 
ference of 4.0 K across the cavity for the view angles of 0 and 90° respectively. The 
interface temperatures calculated from the experiments at 0 and 90° view angles were 
29.62 and 29.84°C respectively, while the estimated temperature was 29.57°G. The in- 
dividual Rayleigh numbers calculated in air and oil layers were 5028 and 16,340 respec- 
tively. Long-time interferograms show the thermal field to be quite steady with time 
after 4 hours of experimentation. 
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Ra(air) = 3861, Ra(oil) = 12,781 

Figure 6.24: Interferograms obtained at steady state in the containing air and silicone 
oil for a applied temperature difference of 3.1 K. View angles considered: (a) 0® and (b) 
90°. 
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Figure 6.25: (a) Depth- averaged temperature profiles and (b) local Nusselt number vari- 
ation at the hot wall in a cavity half-filled with silicone oil, the rest being air; Cavity 
temperature difference is 3.1 K. 

Based on the fringe patterns, the line-of-sight averaged temperature profiles have 
been presented in Figure 6.27(a). Local Nusselt number variations at the hot wall have 
been calculated on the basis of the temperature profiles, Figure 6.27(b) for the two view 
angles (0 and 90°). The width-averaged Nusselt number were 2.37 and 2.35 respectively 
for 0 and 90°, the estimated value being 2.26 from the correlations, Table 6.2. 

In air-silicone oil experiments, the transient evolution of the fringe patterns could 
not be recorded for temperature differences of 0.4, 1.8, 3.1 and 4.0 K. Unsteadiness 
was not induced even at as high a cavity temperature difference as 8 K. The spatial 






Ra(air) = 5028, Ra(oil) = 16,340 


Figure 6.26: Interferograms obtained at steady state in the cavity containing air and 
silicone oil for a temperature difference of 4.0 K. View angles considered: (a) 0® and (b) 
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Figure 6.27: (a) Depth-averaged temperature profiles and (b) local Nusselt number vari- 
ation at the hot wall in a cavity half-filled with silicone oil, the rest being air; Cavity 
temperature difference is 4.0 K. 

structure of the fiow field was one of concentric rolls in all the experiments, though strict 
axisymmetry was not observed. 

The interferograms in silicone oil show that: 

1. the overall temperature drop depends on the air-oil thermal conductivity ratio; 

2. diffusion boundary-layers form near the hot wall and the interface; 

3. unless close to the criticality condition (AT = 0.4 K), the convective roll fills the 
oil layer with the 0-roll centrally placed; 





6.2 Air-silicone oil experiments 


229 


Table 6.2; Comparison of the interface temperatures and Nusselt numbers with Gebhart 
et al. (1988) (marked ‘Ref’) in a cavity containing layers of air and silicone oil of equal 
thickness. View angle is marked as ‘V’. 


AT, K 

Ti (Exp) V - 0° 

V- 90° 

Ti (Ref), °C 

Nu (Oil) 

V- 0° 

V- 90° 

Ref 

0.4 

29.93 

29.93 

30.03 

1.17 

1.18 

1.12 

1.8 

29.80 

29.80 

29.87 

1.83 

1.88 

1.70 

3.1 

29.70 

29.86 

29.68 

2.16 

2.18 

2.08 

4.0 

29.62 

29.84 

29.57 

2.37 

2.35 

2.26 


4. axisymmetry is better noticed at higher Rayleigh numbers, presumably because 
hexagonal rolls are initially preferred; 

5. a close match in Nusselt number and the interface temperature for the two view 
angles between correlations and experiments indicates thermal coupling between 
air and oil. 

6.2.2 Three dimensional structures 

The three dimensional thermal fields reconstructed in the fluid layers are presented in 
this section. The reconstruction was possible only in the oil layer where sufficiently 
large number of fringes were obtained. In Section 6.2.1, the data analysis was presented 
for the view angles of 0 and 90°. For tomographic reconstruction, the interferograms 
obtained for all the view angles namely 0, 45, 90 and 135° have been similarly analyzed 
by applying image processing techniques. 

Steady state interferograms for all the view angles have been shown in Figures 
6.28(a-d) to 6.31(a-d) for temperature differences of 0.4, 1.8, 3.1 and 4.0 K respectively. 
Interferograms for temperature differences of 5.4 K and 8.5 K have also been presented. 
Application of image analysis techniques was not possible for higher temperature differ- 
ences, owing to large unresolved fringes and high refraction errors near the hot wall of 
the cavity. However, the fringe patterns of Figures 6.32(a-d)-6.33(a-d) obtained respec- 
tively for 5.4 and 8.5 K can be qualitatively evaluated. Based on the estimated interface 
temperature, the Rayleigh numbers have been calculated to be 6881 and 21,880 in air 
and the oil layers respectively, Figure 6.32. Fringe patterns obtained from different view 
angles in the oil layer show dissimilarity in terms of the fringe spacing and its orienta- 
tion. In air the interferograms show similar fringe patterns in all the views. The trend 
continues for the temperature difference of 8.5 K (Figure 6.33(a-d)). The individual 
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Figure 6.28: Interferograms in a cavity filled with air and silicone oil; Cavity temperature 
difference is 0.4 K. View angles are (a) 0°, (b) 45°, (c) 90° and (d) 135°. 


135° 


Figure 6,29: Interferograms in a cavity filled with air and silicone oil; Cavity temperature 
difference is 1.8 K. View angles are (a) 0°, (b) 45°, (c) 90° and (d) 135°. 
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Figure 6.30: Interferograms in a cavity filled with air and silicone oil; Cavity temperature 
difference is 3.1 K. View angles are (a) 0°, (b) 45”, (c) 90° and (d) 135°. 




Figure 6.31; Interferograms in a cavity filled with air and silicone oil; Cavity temperature 
difference is 4.0 K. View angles are (a) 0°, (b) 45°, (c) 90° and (d) 135°. 
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figure 6,33: Interferograms in a cavity filled with air and silicone oil; Cavity temperature 
difference is 8.5 K. View angles are (a) 0°, (b) 45°, (c) 90° and (d) 135°. 


d silicone oil; Cavity temperature 
90° and (d) 135°. 





projection data. 
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Rayleigh numbers have been calculated as 11,153 and 33,980 respectively in the air and 
oil. The fringe patterns in oil were quite steady with time. Thus it can be concluded that 
the flow pattern in oil layer changed from axisymmetric (2-D) to steady 3-dimensional 
flow with an increase in the Rayleigh number. The unsteadiness in air was seen in the 
experiments to be less pronounced, despite a high Rayleigh number^ In the absence of 
an adequate number of fringes, the axisymmetry of the thermal field in air could not 
conclusively established. 

The interferometric data for lower temperature differences has been tomographi- 
cally inverted for three different horizontal planes of the cavity. Planes at y/A = 0.15, 
0.50 and 0.85 have been considered, where the vertical coordinate y/h = 0 indicates the 
lower (hot) wall and h is the height of the oil layer. The projection data for cavity tem- 
perature differences of 0.4, 1.8, 3.1 and 4,0 K for the three horizontal planes are shown 
respectively in Figures 6.34(a-c) to 6.37(a-c). Figures 6.34(a-c) show that the symmetry 
in the projection data has increased from the lower {y/h = 0.15) to the mid plane {y/h 
= 0.5), while departing from symmetry at the plane y(h = 0.85 closer to the interface 
region. With increase in the Rayleigh number. Figures 6.35(a-c), greater symmetry in 
the projection data is noticed for all the planes. With further increase in the Rayleigh 
number (Figures 6.36(a-c)), the symmetry in the projection data has further improved. 
The convection dominated mid-plane shows the highest axisymmetry for all Rayleigh 
numbers. Figures 6.37(a-c) show a loss of axisymmetry in the projection data with the 
next increase in the Rayleigh number, indicating the onset of three dimensionality in the 
oil layer. 


O 

0 




Figure 6.34: Projection data in oil at three horizontal planes along the width of the 
cavity. Cavity half-filled with silicone oil, the rest being air for a temperature difference 
of 0.4 K. 


^To this extent, the fluid layers are mechanically coupled; with oil damping temporal fluctuations in 
air. 
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Figure 6.35; Projection data in oil at three horizontal planes along the width of the 
cavity. Cavity half-filled with silicone oil, the rest being air for a temperature difference 
of 1.8 K. 




transverse coordinate, mm 


Figure 6.36: Projection data in oil at three horizontal planes along the width of the 
cavity. Cavity half-filled with silicone oil, the rest being air for a temperature difference 
of 3.1 K. 




transverse coordinate, mm 


Figure 6.37: Projection data in oil at three horizontal planes along the width of the 
cavit)c Cavity half-filled with silicone oil, the rest being air for a applied temperature 
difference of 4.0 K. 
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Figure 6.38; Consistent projection data in oil at three horizontal planes along the width 
of the cavity. Cavity half-filled with silicone oil, the rest being air for a temperature 
difference of 0.4 K. 
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Figure 6.39: Consistent projection data in oil at three horizontal planes along the width 
of the cavity. Cavity half-filled with silicone oil, the rest being air for a temperature 
difference of 1.8 K. 
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Figure 6.40: Consistent projection data in oil at three horizontal planes along the width 
of the cavity. Cavity half-filled with silicone oil, the rest being air for a temperature 
difference of 3.1 K. 
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transverse coordinate, mm 

Figure 6.41: Consistent projection data in oil at three horizontal planes along the width 
of the cavity. Cavity half-filled with silicone oil, the rest being air for a temperature 
difference of 4.0 K. 


The data obtained in Figures 6.34(a-c) to 6.37(a-c) show inconsistency in terms of 
the average fluid temperature over a given plane. Thus consistency checks have to be 
applied in the projection data as discussed in Section 6.1.3. The corrected projection 
data is shown in Figures 6.38(a-c) to 6.41(a-c) for the temperature differences of 0.4, 1.8, 
3.1 and 4.0 K respectively. This data set is used as an input to the CBP algorithm for 
reconstructing the three dimensional thermal field. 

Reconstructed temperature contours from its interferometric projection in oil are 
shown in Figures 6.42(a-f) and^Figures 6.43(a-f) respectively for the temperature differ- 
ences of 0.4, 1.8, 3.1 and 4.0 K for the three horizontal planes selected. In Figure 6.42, 
the reconstructed field for the temperature differences of 0.4 K (a,c,e) and 1.8 K (b,d,f) 
have been shown for the lower {y/h = 0.15), mid [y/h — 0.5) and the upper (y//i = 0.85) 
planes. Near-concentric rings are obtained in the central portion of the cavity for all the 
planes. This is a confirmation of axisymmetry in the projection data obtained from the 
experiments. Concentricity is higher at the mid and the upper plane as compared to 
the lower plane. This is owing to the presence of rolls in those planes, while a thermal 
boundary layer is formed near the lower plane. The temperature contour closer to the 
center is seen to be at a lower temperature compared to its immediate neighbour. For 
cavity temperature differences of 0.4 and 1.8 K, the central isotherm obtained at the re- 
spective planes is seen to decrease in size from the lower to upper plane. The isotherms 
at the lower and the mid planes are almost equal in size. The plume model of Figure 
6.17 proposed for water is applicable in the present context as well. 

Figures 6.43(a-f) show the reconstructed temperature contours for the temperature 
differences of 3.1 K (a,c,e) and 4.0 K (b,d,f) respectively for the three horizontal planes. 






6.2 Air-silicone oil experiments 


at = 0.4 K 

AT = 1.8K 

Lower plane (y/h=0.1 5) 

Lower plane (y/h=0.15) 


Mid plane (y/h=0.5) 


Mid plane (y/h=0.5) 


Upper plane (y/h=0.85) 


Upper plane (y/h=0.85) 


SWe6.42. Reconstructed temperature contours in the oil layer in the cavity half-filled with 
being air at temperature differences of 0.4 K (a,c,e) and 1.8 K (b,d,f) 
'■h'ey at lower, raid- and upper planes of the cavity. 
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AT = 4.0 K 


Lower plane (y/h=0.l5) 



Mid plane (y/h=0.5) 
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Upper plane (y/h=0.85) 


Upper plane (y/h=0.85) 


Figure 6.43: Reconstructed temperature contours in the oil layer in the cavity half-filled with 
silicone oil, the rest being air at temperature differences of 3.1 K (a,c,e) and 4.0 K (b,d.f) 
respectively at lower, mid- and upper planes of the cavity. 
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Near-concentric rings are obtained once again for all the planes considered. Deviation 
from concentricity is greater at a higher temperature diflference of 4.0 K. This temper- 
ature difference also signals the onset of three dimensional flow in oil. Temperature 
contours again show a lower value at the center compared to its vicinity. The gradual 
decrease in the size of the central isotherm from the lower to the upper planes indicates 
a broader hot plume rising near the lower wall and a narrower cold plume descending 
close to the interface. 


6.3 Silicone oil-water experiments 

In the present section, the results obtained in the axisymmetric cavity containing fluid 
layers of silicone oil floating over water have been presented. Equal fluid layer thick- 
nesses of 25 mm have been maintained in the cavity for all the experiments. Tempera- 
ture differences of 0.4 and 1.8 K have been imposed across the cavity in a destabilizing 
configuration. The interferograms at temperature differences of 3.1 and 4.0 K have been 
presented for comparison. At temperature differences higher than 1.8 K, the interfero- 
graras could not be processed owing to refraction errors in oil and high unsteadiness in 
the water layer. Reconstruction of the three dimensional thermal field in the fluid layers 
of oil and water are discussed at lower Rayleigh numbers. 

6.3.1 Long-time thermal field 

In this section, the results obtained in the form of interferograms are presented for the 
cavity based temperature differences of 0.4 K and 1.8 K. Figures 6.44(a,b) show the 
long-time (not strictly steady) interferograms for view angles of 0 and 90° at an imposed 
temperature difference of 0.4 K across the cavity. The cold and the hot bounding surfaces 
were maintained at the temperatures of 29.7 and 30.1°C respectively. Based on the 
averages of the two estimates from oil and water side, the interface temperatures have 
been calculated to be 29.93 and 29.90°C respectively for 0 and 90°. The estimated 
interface temperature based on correlations was found to be 30.05°C. Subsequently, the 
Rayleigh numbers have been calculated as 10,955 and 17,266 in oil and water respectively. 
Though the temperature drop in oil is slightly larger than that in water, a larger number 
of fringes appeared in the field-of-view of the oil phase owing to its smaller AT^ value of 
0.012 K as compared to 0.059 K for water. The flow field in oil was quite steady, while in 
water some unsteadiness was noticed with time. The dominant patterns w^ere captured 
when the flow field was fully evolved in the fluid layers in the cavity. Figures 6.44(a,b) 
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show the long-time fringe patterns obtained after 4 hours of experimentation. 

In the oil layer, the flow develops close to the cold wall in the form of an inverted 
omega (li) . Thus the fringe patterns represent a concentric roll. In water, the isotherms 
prominent in the projection data donot form a specific pattern. Figures 6.44(a,b). A 
high fringe density is to be noticed near the interface of the oil layer. Thus the interface 
between the fluid layers act as a thermally active region. Interferograms obtained at 
the two view angles of 0 and 90° in the oil layer are quite similar in terms of the fringe 
orientation, number of fringes, and fringe spacing. A greater degree of dissimilarity is 
realized in the water layer. Thus, it may be concluded that the thermal field in the cavity 
is axisymmetric in oil and non-axisymmetric (specifically, three dimensional) in water. 
Since the three dimensionality in water haa not predominantly influenced the thermal 
field in oil, one can conclude that mechanical coupling between the layers is of secondary 
importance. 

Based on the fringe patterns of Figures 6.44(a,b), the line-of-sight averaged tem- 
perature profiles have been determined. Temperature profiles of fluid layers is shown 
in Figure 6.45(a). The main conclusion to emerge from Figure 6.45(a) is that almost 
equal temperature drops occur in oil and water as expected from the fluid conductivity 
ratio. The temperature gradient is higher near the hot wall as compared to the cold 
wall. The high fringe density near the interface in oil can be attributed to the Rayleigh 
number mismatch for the fluid layers. The axisymmetric rolls cannot sustain the high 
heat transfer rates and are consequently pushed towards the colder wall. The appearance 
of dense fringes in silicone oil deserve comment. Since the temperature drop per fringe 
shift in silicone oil is the smallest as compared to air and water, the fringe density in oil 
is naturally quite high. In addition, the thermal conductivity of oil is smaller than for 
water by a factor of four, though larger than air by a factor of 6. Hence, in the oil-water 
experiment, a greater fraction of temperature drop occurs in oil. When combined with a 
lower value of AT^, a large number of fringes are preferentially observed in oil, while the 
number in water is smaller. In oil-air experiments, a small temperature drop is sufficient 
to generate fringes in the oil layer, while at best, only a few are seen in air. 

In the conduction regime, the fringes in oil are practically straight. When the 
convective rolls set in, the fringe density near the wall and the interface increase since 
the heat transfer rate across the cavity is now increased above the conduction value. 
Fringe deformation is seen in the central portion of the oil layer where transport is 
advection-dominated. The dense fringes near the wall and the interface represent large 
temperature gradients and can be identified qualitatively as a diffusion boundary layer. 
With increasing cavity temperature difference, the layer Rayleigh number increases and 
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the boundary-layer thickness decreases. Similar changes occur in air and water as well 
(in the axisymmetric regime), except that adequate number of fringes are not available 
for demonstrating the phenomena. 



Ra(oil) = 10,955, Ra(water) = 17,266 


Figure 6.44: Long-time interferograms obtained in the cavity containing silicone oil 
floating over water for a applied cavity temperature difference of 0.4 K. View angles 
considered; (a) 0° and (b) 90°, 




e x/W 

Figure 6.45: (a) Depth-averaged temperature profiles and (b) local Nusselt number vari- 
ation at the interface in a cavity filled with equal layer thicknesses of silicone oil and 
water; Cavity temperature difference is 0.4 K. 

Using the temperature profiles of Figure 6.45(a), the local Nusselt number variation 
can be determined for the two view angles of 0 and 90°. Fringes near the interface region 
covers the whole width of the fluid layer in the oil phase. Therefore, the local Nusselt 
number variation at the interface has been calculated using the fringes of the oil layer. 
Local Nusselt number variation at the interface of the fluid layers is shown in Figure 
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The local variation for the two views show a shift, while the averages are close 
each other. The width-averaged Nusselt number based on the local variations of 
Figure 6.45(b) were 2.60 and 2.64 respectively for the view angles of 0 and 90°. The 
estimated width-averaged Nusselt number based on the correlations was 2.84, Table 6.3. 

Figures 6.46(a,b) show the long-time fringe patterns formed in oil and water at a 
temperature difference of 1.8 K across the cavity. The two view angles considered are 
namely 0 and 90° respectively. The cold and the hot plates are maintained at the tem- 
peratures of 28.3 and 30.1°C. The experimental interface temperatures were calculated 
to be 29.27 and 29.23 respectively for 0 and 90°. The estimated interface temperature 
from correlations was 29.86°C. Accordingly, the individual Rayleigh numbers calculated 
were 48,402 and 88,157 in the oil and the water layer respectively. A vigorous convective 
motion was observed in the water layer due to a high Rayleigh number. Steady state was 
not obtained even after 7 hours of experimentaion. The long-lived dominant patterns 
have been captured and are shown in Figures 6.46(a,b). However the fringe patterns in 
the oil layer quickly reached steady state with respect to time. The inverted omega (15) 
isotherms have been obtained in the oil layer. This indicate the rolls to be in the form 
of concentric rings, though not axisymmetric. 






Ra(oil) = 48,402, Ra(water) = 88,157 

Figure 6.46: Long-time interferograms obtained in the cavity containing silicone oil 
boating over water for a cavity temperature difference of 1.8 K. View angles considered: 
(a) 0° and (b) 90°. 


The fringe patterns in the oil layer are similar in the two views. In the water 
layer, the fringe patterns as well as their orientation are quite different. Specifically, rolls 
dmilar those in air for a rectangular cavity can be seen in water. This is indicative of 
pattern that is not dependent on the shape of the confining boundaries. The thermal 
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field developed in the fluid layers are steady and three dimensional in oil, and unsteady 
but three dimensional in water. 

The flow in the individual fluid layer is driven by the respective temperature differ- 
ence between the nearest wall and the interface. The unsteadiness in the fringe patterns 
of water at the Rayleigh number obtained is unaffected by the stabilizing influence of 
silicone oil, a result opposite to that of the rectangular test cell. This suggests the flow 
to be thermally rather than mechanically coupled at the interface. 

Using the fringe patterns of Figures 6.46(a,b), the depth-averaged temperature 
profiles in the fluid layers have been determined. This is showm in Figure 6.47(a). Nearly 
equal temperature drop is to be noticed in oil and water. Near the interface region on 
both sides, high temperature gradient are established. The gradient decreases drastically 
in the central portion of the fluid layers, in particular in the oil phase, again increasing 
near the two walls. This is because of the dominance of convective transport in the 
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Figure 6.47: (a) Depth-averaged temperature profiles and (b) local Nusselt number vari- 
ation at the cold wall in a cavity filled with equal layer thicknesses of silicone oil and 
water; Cavity temperature difference is 1.8 K. 


central regions of the respective fluid layers. 

Based on the temperature profiles of Figure 6.47(a) in oil, the local Nusselt number 
variation at the cold (upper) wall can be calculated. Local Nusselt number distribution at 
the cold wall for the two view angles of 0 and 90° is shown in Figure 6.47(b). Though two 
Nusselt number profiles are displaced, their average value for each plate are similar. The 
width-averaged Nusselt number obtained at the cold wall are 2.22 and 2.23 respectively 
for the view angles of 0 and 90°. The estimated averaged Nusselt number based on the 
single fluid correlations can be calculated as 3.24 (Table 6.3). A high discrepancy in 






the results can be due to a few unresolved fringes near the cold wall, the presence of an 
interface, and interferogram representing only 41% of the cavity diameter. 

Nusselt number calculations are based on Equation 4.25 and require flow to be 
steady'®. This equation can however be applied to estimating the instantaneous Nusselt 
number in the fluid layer exhibiting unsteadiness. In the water layer of the oil-water 
experiments, the instantaneous local Nusselt number variation at the hot wall has been 
determined from the interferograms. This is shown in Figures 6.48(a,b) for the temper- 
ature differences of 0.4 K and 1.8 K respectively. The instantaneous variations show 
a lower Nusselt number in the projection data of 0° as compared to 90° for both tem- 
perature differences. The instantaneous width-averaged Nusselt numbers were obtained 
as 3.03 and 4.99 for the view angles of 0 and 90° respectively. In Figure 6.48(b), the 
values are 3.34 and 4.67 respectively. The estimated Nusselt number based on the single 
fluid correlations are 3.72 and 5.25 for temperature differences of 0.4 K and 1.8 K. It is 
surprising that the discrepancy in average Nusselt number due to unsteadiness is not as 
high as that arising from a change in the spatial pattern, for example in the oil layer. 



x/W x/W 


Figure 6.48: Local Nusselt number variations at the hot wall in a cavity filled with equal 
layer thicknesses of silicone oil and water; Cavity temperature differences are (a) 0.4 K 
and (b) 1.8 K. 

6.3.2 Three dimensional structures 

The present section discusses the reconstruction of the thermal field in the oil layer float- 
ing over water in the circular cavity. In Section 6.3.1, the temperature calculations were 
shown for the projection data at view angles of 0 and 90°. To reconstruct the thermal 
'°For unsteady convection, the correlations give a time-average value. 
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Table 6.3: Comparison of the interface temperatures and Nusselt numbers with Gebhart 
et al. (1988) (marked ‘Ref’) in a cavity containing layers of silicone oil and water of 
equal thickness. View angle is marked as ‘V’. 


AT, K 

Ti (Exp) V - 0° 

V - 90° 

T[ (Ref). °C 

Nu 





o 

O 

V- 90° 

Ref 

0.4 

29.93 

29.90 

30.05 

2.60 

2.64 

2.84 

1.8 

29.27 

29.23 

29.86 

2.22 

2.23 

3.24 


field over the cross-section, identical analysis has been carried out for the projection data 
of 45 and 135° as well. 

Long-time interferograms for temperature differences of 0.4 K and 1.8 K for all 
the view angles have been shown in Figures 6.49 to 6.50. Fringe patterns for higher 
temperature differences of 3.1 K and 4.0 K could be only qualitatively analyzed owing to 
large number of unresolved fringes and refraction errors. These are shown respectively 
in Figures 6.51 and 6.52 for the four view angles considered in the experiments. Based 
on the estimated interface temperature, the Rayleigh numbers were calculated to be 
82,754 and 1.58E4-05 in oil and water layer respectively for AT = 3.1 K, Figure 6.51. 
In the experiments, the fringe patterns were steady in oil but highly unsteady in water. 
Three dimensionality was however observed in the oil layer. The time-dependent regime 
in water displayed periodicity, the time period being approximately 60 seconds. The 
interferograms that persisted for a longer duration have been shown' in Figures 6.51(a- 
d). In Figure 6.52 (AT = 4 K), the Rayleigh numbers obtained were 1.06E-I-05 and 
2.08E+05 in oil and water. Once again, steady three dimensional flow in oil and time- 
dependent flow in water have been observed. The frequency of fluctuations in the fringe 
patterns in water increased, the time period being around 50 seconds. 

The projection data obtained from the experiments at AT = 0.4 K and 1.8 K and 
all the view angles is now considered. The temperature field in the fluid layers have been 
plotted at three horizontal planes namely y/h — 0.15, 0.5 and 0.85 with respect to the 
coordinate parallel to the width of the cavity. Here, in the oil layer y/h = 0 indicates 
the top (cold) wall, while in the water layer, it is the bottom (hot) wall. The value 
of y/h = 0.85 represents the region near the interface for both the fluid layers. The 
experimental projection data for the central part of the cavity are shown in Figures 6.53 
to 6.56 for temperature differences of 0.4 K and 1.8 K. Figures 6.53(a-c) and 6.54(a-c) 
show respectively the projection data in oil and water layers for the three horizontal 
planes and a temperature difference of 0.4 K across the cavity. Axisymmetry in the 
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Figure 6.49; Long-time interferograms in a cavity filled with silicone oil and water; Cavity 
temperature difference is 0.4 K. View angles are (a) 0°, (b) 45°, (c) 90° and (d) 135°. 


thermal field is realized near the top wall, Figure 6.53(a). The projection data obtained 
for view angles of 45 and 90° are quite close to each other near the cold wall. At the mid- 
plane of the oil layer, the axisymmetry diminishes, while at the lower plane adjacent to 
the interface, the loss of axisymmetry is complete. Figures 6.53(b-c). In Figures 6.54(a- 
c), the thermal field in the water layer is non-axisymmetric for all the view angles and 
planes considered in the experiments. With an increase in the Rayleigh number. Figures 
6.55(a-c), axisymmetry is partially restored in the thermal field in the oil layer. Here, 
the projection data for the view angles of 0 and 45° on one hand and 90 and 135° on the 
other are close to each other. Loss of axisymmetry is more pronounced with an increase 
in Rayleigh number in the water layer, Figures 6.56(a-c). 

The consistent data set that satisfies the requirement that the average fluid tem- 
perature over a plane is a constant for all view angles is shown in Figures 6.57-6.60. The 
CBP algorithm can now be applied for the reconstruction of the thermal field in each of 
the planes of the fluid layers. 

Figures 6.61-6.62 show the reconstructed temperature contours in the fluid layers 
of oil and water for temperature differences of 0.4 K and 1.8 K respectively. Three 
planes have been considered in both the fluid layers. The temperature contours in oil 
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Figure 6.50: Long-time interferograms in a cavity filled with silicone oil and water; Cavity 
temperature difference applied 1.8 K. View angles are (a) 0°, (b) 45°, (c) 90° and (d) 
135°. 


for the planes of Figures 6.61 (a, c) show near-concentric rings in the central portion of 
the cavity, while the concentricity is smaller near the interface (Figure 6.61(e)). This 
indicates that the flow is axisymmetric near the cold wall [y/h = 0.15) and the mid- 
plane region [y/h = 0.5). There is a gradual increase in the si 2 e of the isotherm of T 
= 28.57°C from the upper to the mid-plane in oil. This can be understood in terms 
of flow descending from the center of the upper plane to form a roll as in Figure 6.17. 
Temperature contours in water (Figures 6.61(b,d,f)) show closed but distorted isotherms 
for all the planes considered. This is understandable because the thermal field in water 
is three dimensional. The temperature contours near T = 28.48°C show no measurable 
change in the size while moving from one to the other plane. 

Figures 6.62(a,c,e) show the reconstructed temperature contours obtained in oil 
at a cavity-based temperature difference of 1.8 K. With an increased Rayleigh number, 
the overall axisymmetry in the thermal field is better, particularly near the midplane 
(Figure 6.62c), while it is lowered at the plane near the interface (Figure 6.62e). The size 
of the isotherms barely change from one plane to the other. This show an indeterminant 
behaviour in terms of the roll direction of the fluid flow in the central portion of the 
cavity. With an increase in Rayleigh number, the temperature contours in water (Figures 
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Figure 6.51: Long-time interferograms in a cavity filled with silicone oil and water; Cavity 
temperature difference is 3.1 K. View angles 


fipre 6.52; Long-time interferograms in a cavity filled with silicone oil and water; Cavity 
l^perature difference is 4.0 K. View angles are (a) 0°, (b) 45®, (c) 90° and (d) 135°. 
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Figure 6.53: Projection data in oil at three horizontal planes along the width of the 
:avity. Cavity filled with silicone oil and water at a temperature difference of 0.4 K. 



transverse coordinate, mm 


Figure 6.54: Projection data in water at three horizontal planes along the width of the 
:avity. Cavity filled with silicone oil and water at a temperature difference of 0.4 K. 



transverse coordinate (mm) 

Figure 6.55: Projection data in oil at three horizontal planes along the width of the 
cavity. Cavity filled with silicone oil and water at a temperature difference of 1.8 K. 














Figure 6.56: Projection data in water at three horizontal planes along the width of the 
cavity. Cavity filled with silicone oil and water at a temperature diflference of 1.8 K. 



transverse coordinate, mm 


Figure 6.57: Consistent projection data in oil at three horizontal planes along the width 
of the cavity. Cavity filled with silicone oil and water for a temperature diflference of 0.4 
K. 
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Figure 6.58: Consistent projection data in water at three horizontal planes along the 
width of the cavity. Cavity filled with silicone oil and water for a temperature difference 
of 0.4 K. 
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"igure 6.59: Consistent projection data in oil at three horizontal planes along the width 
)f the cavity. Cavity filled with silicone oil and water for a temperature difference of 1.8 
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Figure 6.60: Consistent projection data in water at three horizontal planes along the 
width of the cavity. Cavity filled with silicone oil and water for a temperature difference 
of 1.8 K. 


6.62(b,d,f)) considerable distortion in the axisymmetry of the thermal field. Since the 
projection data has been recorded in the central 41% of the cavity width, it is not 
appropriate to comment on the isotherms obtained beyond this region. 


6.3.3 Unsteady thermal field 

The present section discusses the result obtained in the oil-water experiments at high 
Rayleigh numbers. As stated earlier, high refraction errors in the oil layer restrict the 
study to be purely qualitative in nature. Further, the interferograms could be obtained 
only in the water portion of the cavity. This is owing to the limitations imposed by severe 
refraction in the oil layer. Temperature differences of 8.5 K, 13 K and 17.5 K across 
the cavity in a destabilizing configuration have been considered. The interferograms 
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j 'gure 6.63. Unsteadj patterns in water in the oil-water experiments for a temperature 

. ®^ce 0 . , iew angle considered is 0°. Time interval between two successive 

mterferograms is 5 seconds. 
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Figure 6.64: Unsteady patterns in water in the oil-water experiments for a temperature 
difference of 13 K. View angle considered is 0°. Time interval between two successive 
interferograms is 5 seconds. 
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have been recorded in a time sequence. The recording was initiated in the experiments 
after the hot and the cold walls were thermally stabilized. Specifically, the images were 
recorded only when the flow field was fully evolved and a time scale of unsteadiness could 
be identified. The time scale for the present experiment was 5 seconds. This is also the 
timegap between succesive interferograms. 

Figure 6.63 show the unsteady patterns in water for temperature difference of 8.5 
K for the view angle of 0". The estimated Rayleigh numbers based on the correlations 
are 2.23E-f05 and 4.63E+05 in oil and water respectively. The flow field established in 
the cavity is seen to be highly unsteady. A longer time scale for the re-appearance of a 
fringe pattern was identified in the experiments to be 35 seconds. 

In Figure 6.64, the overall temperature difference is 13 K. The estimated Rayleigh 
numbers calculated are 3.38E-f05 and 7.15E4-05 in oil and water layers respectively. 
Interferograms have been presented at a time interval of 5 seconds, while the longer time 
scale was again found to be 35 seconds. The corresponding Fourier number in water is 
4.2E-02. It is to be compared with the values of 3.3E-03 and 6.5E-03 for a rectangular 
cavity at Rayleigh numbers of 98,505 and 64,404 in water. This indicates that the 
geometry of the confining boundaries plays an important role in the characteristics of 
large-scale, long time unsteadiness in high Rayleigh number convection. A secondary 
role of geometry is to be expected for the small-scale, small time fluctuations^. 


6.3.4 Interface deformation 

Figures 6.64(a-g) and 6.64{al-gl) show respectively the interferograms and their corre- 
sponding deformed interfaces in the water layer of oil-water experiments. A temperature 
difference of 17.5 K was imposed across the cavity. The interface deformation was not 
detectable at lower temperature differences. The individual Rayleigh numbers for the 
experiment are 4.57E-I-05 and 1.10E-{-06 in oil and water respectively. Interfaces were 
recorded using a single (test) beam of the interferometer. The flow field developed in 
the water layer showed extremely high unsteadiness with absolutely no periodicity in 
time. The fringe patterns were visible in the turbulent regime. The corresponding inter- 
faces showed a degree of movement with time, (Figures 6.64(al-gl)). Unexpectedly, the 
shadowgraphs didnot reveal streaks of light, suggesting the break down of all large scale 
structures such as rolls to smaller scales. 


“This point needs to be studied separately in detail. 
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6.4 Nature of coupling 

The flow regimes obtained in water did not experience a stabilizing influence of oil 
floating above. Thus, in contrast to the rectangular cavity, the fluid layers in the circular 
cavity are thermally coupled for all fluid combinations and temperature differences. This 
result has been summarized in Table 6.4. The absence of mechanical coupling can be 
partially associated with a higher width-to-height aspect ratio of the fluid layers, but 
more fundamentally with the change in the geometry of the confining walls. 

Table 6.4: Summary of Mechanical (M) and Thermal (T) coupling modes obtained in 
air-water, air-oil, and oil-water experiments for equal layer heights. 


Fluid combinations 

AT, K 

0.4 

1.8 

3.1 

4.0 

6.5 

8.5 

air and water 

- 

- 

- 

- 

T 

T 

air and oil 

T 

T 

T 

T 

- 

- 

water and oil 

T 

T 

T 

T 

- 

- 


6.5 Closure 

In the cavity containing air and water, the fluid layers show a degree of axisymmetry 
in the thermal field at a lower Rayleigh number. With an increase in Rayleigh number, 
three dimensionality is seen to be dominant in water while axisymmetry still persists 
in air. With further increase in the Rayleigh number, a dynamic steady-state in air 
is observed which leads to spatial movement of the fringe patterns with time. In the 
air-oil experiments, omega-shaped (fl) fringe pattern indicating steady two dimensional 
thermal field is obtained in the oil layer. High fringe density at the interface and the hot 
wall indicate diffusion boundary layers in those regions. Axisymmetry in the thermal 
field in oil is seen to increase with increase in the Rayleigh number with the 0-roll 
shifting towards the center. In the oil-water experiments, U-shaped isotherms in oil and 
a distorted thermal field in water is to be noticed. At very high Rayleigh numbers, steady 
three dimensional flow in oil and time- dependent flow in water have been observed. The 
convective motion in each layer in all fluid combinations was driven by the individual 
temperature difference across the respective fluid layer, indicating thermal coupling at 
the interface. 

The experimental interface temperature match the estimated temperature from 
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single fluid correlations fairly well for all fluid combinations. Discrepancy in the Nus 
number is seen at higher Rayleigh numbers in fluid layers that involve water ^ 

Three dimensional reconstruction at three selected planes in the fluid layers co 
firms the thermal field to be axisymmetric for a limited range of parameters. Unfe 
favourable conditions, a plume structure is discernable in the flow field. 

The interface deformation is uniformly small in all the experiments. The movement 
of the interface and the oscillation of light streaks correlate well, indicating the three 
dimensionality of convection as the source of interface deformation. ^ 
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Chapter 7 


Conclusions and Scope for Future 
Work 


7.1 Conclusions 


Buoyancy-driven convection in differentially heated superposed horizontal fluid layers 
was studied experimentally using laser-interferometry. The thermal fields in the individ- 
ual fluid layers were mapped using a Mach-Zehnder interferometer. Fluid combinations 
comprising of air and water, air and silicone oil, and silicone oil floating over water were 
selected for the experiments. The grade of silicone oil employed in the experiments was 
50 cSt. Fluid layers were confined between two horizontal, isothermal plates heated from 
below and cooled from above. The overall thermal configuration is a modified form of 
the Rayleigh-Benard problem. 

Two cavities of different overall geometry were designed and fabricated for per- 
forming the experiments. These are: (i) a cavity rectangular in plan and square in 
cross-section and (ii) a cavity octagonal in plan. The latter approximates a circular 
cavity. The cavity sizes are such as to classify them as intermediate aspect ratio enclo- 
sures. A majority of Rayleigh numbers considered are well beyond the first critical point 
of instability. The resulting convection patterns are dependent on the geometry of the 
confining boundaries. 

The predominant observation that emerges from the experiments of both cavities 
is the following. The cavity temperature difference splits between the two fluid layers 
inversely in proportion their thermal conductivities. These local temperature differences 
drive convection in the respective layers. Hence, in a majority of experiments, two- 
laj'er convection is a collection of two single-layer convection experiments. The latter is 
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dependent on the cavity geometry. Departure from this base line trend is seen in the 
form of augmentation of thermal conductivity by fluid motion, flow retardation at large 
viscosity ratios, and transmission of unsteadiness. The specific results arrived at in the 
present work are summarized below. 

7.1.1 Rectangular cavity 

In the rectangular cavity, the layer thicknesses were taken to be 1/3, 1/2 and 2/3 with 
respect to the cavity height for each combination of fluids. Experiments were primarily 
conducted with three cavity temperature differences of 10, 15 and 18 K. An additional 
temperature difference of 0.3 K was selected to capture the fringe patterns in the silicone 
oil phase. The following observations have been recorded in the study; 

1. In the experiments involving air, the layers were found to be thermally coupled. 
The unsteadiness in water could however be transmitted to air in the mechanical 
coupling mode. 

2. The switching phenomena, a step towards chaos via time-dependent flow, was 
noticed in the air portion of air-oil experiments at Rayleigh numbers higher than 
12,900. 

3. The presence of silicone oil over water led to mechanical coupling in the sense that 
the convective field in water was visibly retarded. 

4. The interface temperature determined from the experiments matched those from 
correlations for a single fluid whenever the coupling was thermal in origin. The 
differences were higher during mechanical coupling and in cases where the time- 
dependent switching phenomena occurred. 

5. Heat transfer rates in terms of the non-dimensional width-averaged Nusselt number 
matched well with the correlations at lower Rayleigh numbers. Deviation was 
higher at higher Rayleigh numbers, in particular with the experiments involving 
w'ater. 

6. Three-dimensional effects were noticed in the experiments involving water. The 
interface deformation was uniformly small, but correlated well with the roll move- 
ment visible in the fringes. Here, the movement of the interface and the oscillation 
of light streaks in the shadowgraph were seen to be aligned. 
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7.1.2 Circular cavity 

In the circul&r csvity, tho Inyor hoights in o&ch fluid combinution wero maintn,in6d Gcjual 
to 1/2 with respect to the total cavity height. The flow field was mapped from four 
different view angles namely 0, 45, 90 and 135° using a Mach-Zehnder interferometer for 
each fluid combination and cavity based temperature difference. The projection data 
obtained from different view angles was utilised in reconstructing the three dimensional 
temperature field using a tomographic algorithm. A range of temperature differences 
from as low as 0.4 K to as high as 18 K were imposed across the cavity in a destabilizing 
configuration. The following observations have been recorded in the experiments: 


1. In the cavity containing air and water, the fluid layers showed a degree of ax- 
isymmetry in the thermal field at lower Rayleigh number. Three dimensionality 
was seen to be dominant in water while axisymmetry still prevailed in air with an 
increase in the Rayleigh number. With further increase in the Rayleigh number, 
a dynamic steady-state in air was observed which led to spatial movement of the 
fringe patterns with time. 

2. In the air-oil experiments, fl-shaped fringe patterns indicating a steady two dimen- 
sional thermal field was obtained in the oil layer. 

3. In the oil- water experiments, U-shaped isotherms in oil and a distorted thermal field 
in water was noticed. At very high Rayleigh numbers, steady three dimensional 
flow in oil and time-dependent flow in water was recorded. 

4. The experimental interface temperature matched the estimated temperature from 
single fluid correlations fairly well for all fluid combinations. Discrepancy in the 
results of Nusselt number was noticed at higher Rayleigh numbers particularly in 
the fluid layers containing water. 

5. Three dimensional reconstruction at three selected planes in the fluid layers con- 
firmed the thermal field to be axisymmetric, silicone oil in particular. A plume 
structure was identified in the flow field on the basis of reconstruction. 

6. Except at Ra > 1.72E-1-05, the interface deformation was uniformly small in all the 
experiments. Here the movement of interfaces and the oscillation of light streaks 
in the shadowgraph image confirmed three dimensionality in water. 
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7.2 Scope for future work 


A large number of issues on buoyancy-driven convection in the superposed fluid layers are 
yet to be resolved. In the rectangular cavity, the fringe patterns parallel to the short side 
wall could be recorded to correlate long and short rolls. Three dimensional reconstruction 
at the interface could be useful for understanding flow coupling mechanism between the 
fluid layers. The complexities in interface deformation as seen bv the light streaks and 
Its oscillation and moving interfaces can be correlated with the unsteady temperature 
fields. The computation of the velocity field from the temperature data could well lead 
to establishing the relative influence of the respective rolls of the fluid layers coupled at 
the interface. There is a need to compare the experimental data with three dimensional 

numerical simulation, so that the latter can be used to identify the transition points in 
two- layer convection. 
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Appendix A 

Fast Fourier Transform Algorithm 


The one dimensional version of the FFT algorithm is briefly presented here. Any wave- 
form with a zero mean can be looked upon as a combination of a number of sinusoids. 
Hence the wavenumber of each of these sinusoids with their corresponding amplitude 
are representative of the signal in the wavenumber space. The Fourier transform 
function transforms the information about the signal in the space or time domain to the 
wavenumber domain. Let f{x) be a continuous function of areal variable x. The Fou 
transform of f{x) is defined as 


r+oo 

F{u) = / f {x)exp{-j2TroJx)dx 


In a spatial domain calculation, u) represents the wavenumber, defined here as 
ciprocal of wavelength. In a time domain calculation, m is a frequency 
symbol j represents the imaginary number, defined as j — \/ 1- The funct’ /( 
be recovered by an inverse Fourier transform as: 




"-l-oo 


F(w)exp(y27rma:)dw 


(A.2) 


In a discrete calculation, the function f {x) is available at N points as /o, /ij ? / 
with a spacing Ax = L/{N - 1) where L is the length of the signal. The rec.proca of 
L can be viewed as the wavennnrber of the fundamental harmonic m the wavenutnber 
space. The above definition of Fourier transform can be modified foi discrete ana j sis 


as: 
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N-l 




i=0 


-j2'KU)iAx 

N 


(A.3) 


where u is also a discrete variable, in the range l/L to N/L. The spacing Aw is the 
minimum wavenumber that can*be measured, that is l/L. Hence the wavenumbers are 
discretized into N — 1 intervals. Similarly the inverse discrete Fourier transform can be 
defined as 


f{iAx) - ^ F(w)exp(— (A.4) 

a;=0 

The use of the fast Fourier transform algorithm requires that the sampling of the 
continuous function be made over 2^ divisions, where m is an integer. Hence 2"^ is an 
even number and can be expressed as 


At = 2™ = 2M 

where M is an integer. Equation A.3 can now be written in the form 


2M-1 




i=0 


-j2nujiAx 
" 2M 


) 


The right hand side of this equation can be split as 


(A.5) 


(A.6) 




M 


/2iexp(- 


i=0 


-j27!:uj2iAx 

2M 


M-l 


) + M E /(«+i)exp(- 


-j2TTU){2i + l)Aa; 
2M 


Hence 


F(^) = t 


M-l 


M ^ 


Y •/’2iexp( 


-j2Trw2iAx. 1 


M-l 


i=0 


M 




t=0 


-j27ra;(2i + l)Aa;,^ -jTttw 
)exp( ) 

(A.8) 


Breaking the discrete values of the function into even and odd terms one gets 


M-l 


m \ ^ t ,-j2rcuj2iAx. 

Feveni^) = ^Y ) 

i=iO 


(A.9) 
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A'/-l 


FoddH = /2i+iexp( 


i=0 


—j2nu{2i + l)Aa; 

XT 


Equation A.8, can now be put in the form 




Feycni^) "h Ao£/(i(w)exp( ^ 


(A.IO) 


(A.ll) 


Noting that 


and 




2M 


2M 


) 

) 


one can derive 


F(uj + M) — 


—j27TUI 

Feveni.^) ” Fodd{^)^^P\ ' 


(A.12) 


Equations A.ll and A.12 are central to the success of the FFT algorithm. They show 
that the actual Fourier transform can be computed for two halves of the series (odd and 
even) and that of the original series can be determined by recombination. Each half of 
the full series can be further divided into even and odd parts. This breaking up into 
even and odd parts can be repeated till we reach a stage where only one term remains in 
each of the series. Equation A.6 can be used to show that the Fourier transform of only 
one term is the term itself. Hence Equations A.ll and A.12 can be used to compute the 
Fourier transform of the original series. 


The FFT algorithm for calculation of the Fourier transform of a discrete set of 
data requires only N log^N number of calculations (multiplications and additions). The 
discrete Fourier transform using direct Fourier transform formula requires N number of 
calculations, where N represents the number of discrete data points. The FFT algorithm 
has a requirement of 2^ number of data points, m being an integer. If the number 
points is not equal to an integer power of 2, FFT can still be used to compute the Fourier 
transform of the series of data. This is achieved by adding O's to the data on both sides 
of the series so that the nearest integer power of 2 can be obtained. This method of 
adding zeroes to a series of data points, so that FFT can be applied on it is known as 
zero padding. In the present work, the images obtained are of the size of 512 x 512 
pixels. Hence for FFT applications no zero padding was required. 
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riiG computer implementation of the FFT algorithm is briefly discussed here. The 
"lajoi point to be taken care of during the implementation of the FFT algorithm is 
'0 arrange the discrete data in order for successive applications of Equations A. 11 and 
A. 12. The ordering procedure is also referred as the butterfly algorithm. The butterfly 
algoiithm for ordering of the discrete data for implementation of the FFT algorithm 
.diowii schematically in Figure A.l. ^ The figure shows an example of the 8-point 
ourier transform. The input data, to the algorithm are {/o, /i, . . . , This set of 
atd can be divided into two series of data as the odd and even series. The odd series 
{/i,/3./o and fy} and the even series is {fojaji and /g}. Each of these 4-points 
SGiies can be split further as odd and even series with 2-point data. These are {/o,/i}, 
{/n/s} as the even series and {hj,}, {fljy} as the odd .series. No further spliUing 
IS lequired, since m a 2-point series one even and one odd term are present. Hence the 
input series to the algorithm requires the ordering as: 


{/o)/4,/2,/6-/i,/5,/3 and fy) 



Figure A.l: Schematic of Butterfly Algorithm, for Implementation of FFT 


The butterfly algorithm for ordering operates as shown in Figure A.l. The first 
step IS calculation of the four 2-point transforms. The next step uses these results to 
0 tain tAvo 4-point transforms. The third step uses these results to produce the final 8- 
ransform. The reordering of data follows a simple rule of the corresponding binary 
number. This is known as bit-reversal. If n represents the argument value in the actual 
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series of input data, the corresponding argument of the data in the reordered series can 
be directly obtained by expressing the number n in its binary form, reversing the In is 
from left-to-right and then obtaining the corresponding number. For example the 4th 
element of the 8-points series considered above in the input data is /a. The number 3 
(argument of the 4th element) can be expressed as Oil in binary form. Applying the 
bit-reversal rule the modified binary number is 110 which corresponds to an argument 
of 6. Hence the data /a will occupy the position of argument 6 in the reordered data, 
that is the 7th element from the beginning. 

The one dimensional FFT algorithm discussed above can be extended to a two 
dimensional FFT algorithm. To this end the one dimensional FFT was implemented 
successively (row-by-row) in the two directions to obtain the two dimensional Fourier 
transform. The inverse Fourier transform was obtained in the similar way by adopting 
successively the one dimensional inverse FFT. The number of arithmetic operations in 
one dimensional FFT being N logaA^, that for two dimensional FFT is clearly iV^ log 2 A/. 



Appendix B 

Numerical study of buoyancy-driven 
convection in air-water layers 


Buoyancy-driven convection in superposed air-water layers within a cavity has been nu- 
merically computed. The convection patterns obtained numerically have been compared 
with experiments. The numerical solution has been derived by solving the coupled flow 
and heat transfer equations by a finite volume method. A commercial package was 
employed in this respect. The cavity in which the fluid layers are contained has overall 
dimensions of 32.1 x 32.1 mm^ in cross-section, and 447 mm in length. The layer heights 
are taken to be equal. The numerical simulation has been carried out for a two as well 
as three dimensional cavity geometries. For the two-dimensional geometry, three tem- 
perature differences of 10, 15 and 18 K were imposed across the cavity walls, the sides 
being insulated. Three-dimensional cavity filled individually with air and water have also 
been considered for numerical simulation. A temperature difference of 10 K was imposed 
across the hot and the cold walls in the three dimensional simulation. The convection 
fields have been analyzed in terms of (a) the steady state behaviour, (b) flow coupling 
mechanisms between the fluid layers, (c) temperature profiles and wall heat transfer, and 
(d) the interface shape deformation with increasing temperature difference. 

Simulation of natural convection in enclosures is a problem of considerable complex- 
ity. Convective transport at fluid-fluid interfaces poses additional difficulties in modeling, 
and has not been adequately understood. The present appendix reports a preliminary 
approach towards characterizing convective phenomena in the presence of interfaces with 
a numerical model. 
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Numerical study of buoyancy-driven convection in air-water layers 


B.l Numerical solution 

Numerical solution of the fluid flow equations and heat transfer was carried out using 
the commercially available FLUENT package (version 5)L The flow was taken to be two 
dimensional, laminar and incompressible, and steady state was obtained by marching in 
time. The boundary conditions corresponding to specified temperatures at the lower and 
the upper surfaces were applied, the side walls being treated as insulating boundaries. 
The grid was generated over the cross-section of the cavity. In two dimensions, 61x61 
grid was found to be adequate to capture the major features of the flow patterns. The 
FLUENT software employs the finite volume formulation for discretmation of the partial 
differential equations. It has been validated against a wide range of benchmark problems. 
The code is quite versatile with respect to geometry and boundary conditions. However, 
treatment of two fluids with an interface was difficult to model with the tools available in 
FLUENT. To circumvent this problem, the air and the water portions of the cavity were 
individually treated, with the coupling at the interface being enforced by the following 
approach: 

1. Specify the water surface to be stress-free with a convective boundary-condition 
for heat transfer. The heat transfer coefficient is determined on the basis of the 
Rayleigh number for air. 

2. Solve for velocity and temperature distribution in water. 

3. Determine the average velocity and temperature of the air- water surface. 

4. Solve for velocity and temperature distributions in air. 

5. Determine the average heat transfer coefficient at the interface and repeat calcu- 
lations from step 2 onwards. 

This led to an iterative procedure, with air and water phases being alternately solved 
till convergence. The air-water interface was assumed to be flat in the flow and temper- 
ature calculations. The CPU time per run was of the order of 4 hours on a SUN-sparc 
workstation. 

Three dimensional simulation was also carried out using FLUENT in a box-shaped 
cavity that was identical to that used in experiments (Chapter 5). The top and the 
bottom faces were isothermally cooled and heated respectively, while all other faces 


^available from FLUENT India Pvt Ltd, Pune. 
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were kept insulated. The CPU time for a three dimensional calculation was of the 
order of several days. Hence, the three dimensional calculation was restricted to cavities 
filled with either air or water. In a cavity filled with water, the flow was simulated as 
three-dimensional and turbulent owing to very high Rayleigh number encountered for an 
imposed temperature difference of 10 K. The k-e model of turbulence has been utilised 
in the simulation. A 31x31x418 grid could be used in the present work. It is expected 
that a few of the major features of three dimensional convection are brought out with 
this grid on the transverse and longitudinal planes of the box. The CPU time per run 
for water was of the order of 220 hours. In water, even after 220 hours of simulation, 
the flow was not truly steady and visible unsteadiness persisted in the flow structures. 

B.1.1 Effect of surface-tension on the shape of the free surface 

Deformation of the air-water interface due to surface tension has also been computed 
numerically by the following approach. The shape of the free surface is described in para- 
metric form y—f{x), and is governed by the second-order nonlinear ordinary differential 
equation (Shyy et ai, 1996): 

/" = (t + £l)(l+/'2)3/2 (B.l) 

where I = {a/Apgy^- is the capillary length, Ap = p 2 - pi, and D is a constant with 
dimensions of inverse length. Suffixes 1 and 2 refer to air and water respectively. The 
primes on the function / denote differentiation with respect to the x-coordinate that 
is oriented along the width of the cavity. The surface tension coefficient between air 
and water has been taken to d — 0.073 N/m. Variation of a with temperature can be 
accounted for by using the value of dcr/dT=— 1.7E-04 N/m-K, with no further changes 
in the formulation. The quantity D in Equation B.l is a free parameter that represents 
the excess pressure in water with respect to air. It can be determined by reference to the 
constraint of the constancy of the fluid volume under deformed conditions. The total 
volume of water contained under the free surface^ is given as 

pWI2 

V — h xW + 2 / f{x)dx (B.2) 

Jo 

and is a known quantity. Here, h is the mean height of water level from the base of 
the cavity and W is the cavity width. Equation B.l is solved subject to the boundary 
conditions: 

^per unit length of the cavity in the z-direction 
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a; = 0 /=(tan(?ii) ^ 

x = Wl2 / = 0 ; /=0 

where (j) is the contact angle of water at the solid surface. The contact angle has been 
taken to be 45 degrees in the present study. Equation B.l along with the volume con- 
straint and the boundary conditions has been solved by a 4th order Runge-Kutta method 
and the Newton-Raphson scheme. 


B.2 Comparison of results 

The objective of the present work is to examine the extent to which a commercially avail- 
able computational software is capable of reproducing the flow and thermal fields arising 
in a complex experiment. To test the software, the comparison has been carried out with 
a simpler configuration in which the cavity contains air and water alone. Subsequently, 
the numerical predictions have been compared against experiments with a cavity half- 
filled with air and water respectively. The issues addressed for comparison between the 
two sets of results are the steady thermal field, flow coupling mechanism between fluid 
layers, temperature profiles and the width-averaged Nusselt number. Interface tempera- 
tures and the width-averaged Nusselt number at the two walls have also been compared 
with the correlations proposed by Gebhart et al. (1988), Equations 4.26-4.27. 

B.2.1 Convection in an air-filled cavity 

The convection patterns in the square cavity of Figure 3.1 when filled with air are shown 
in Figure B.l. The cavity temperature difference is 10 K in the Figure. The numerical 
results have been shown in the form of isotherms (Figure B.l (a)), while the interfero- 
metric fringes are shown in Figure B.l(b). In a two dimensional field, the fringes are 
isotherms; even otherwise they represent the thermal field in the cavity. A direct com- 
parison of the numerical and the experimental temperature profiles at selected locations 
in the cavity is presented in Figure B.2. The dominant picture to emerge from Figure 
B.l is the formation of a roll pattern that transports from the fluid from the hot surface 
to the cold, followed by the descent of the cold fluid. 

The Rayleigh number in the experiments as well as the simulation for the conditions 
of Figure B.l was 34,200^. Using the correlation of Equation 4.26, the average cavity 


^At this Rayleigh number, the regime diagram of Figure 2.1 shows the flow to be unsteady. During 
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Figure B.l: Comparison of the numerical isotherms (a) with experimental fringe patterns 
(b) for a cavity filled with air; Cavity temperature difference AT = 10 K. 



0 


Figure B.2: Comparison of the numerically calculated temperature profiles with exper- 
iments at selected planes for a cavity filled with air; Cavity temperature difference AT 


= 10 K. 


Nusselt number was calculated to be 3.17. The corresponding value from the FLUENT 
package was 3.21, while the fringe patterns yielded 3.12 at the hot wall, and 3.18 at 
the cold wall. The agreement among the three methods can thus be considered to be 
satisfactory. 

The direction of movement of the roll in the numerical prediction is counter- 
clockwise (Figure B.l (a)). This can be derived by recognizing that the isotherms are 
displaced in the direction of the local fluid velocity. The roll movement in the experiment 
is clockwise (Figure B.l(b)). This difference is however not significant. It is now recog- 

numerical simulation, a definite steady state was obtained. Mild unsteadiness was however seen in the 
experiments as discussed in Chapter 4. The side walls of the box play a stabilizing role on convection, 
an issue not considered in Figure 2.1. 
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nized that the sense of movement in the cavity is indeterminate in principle. It is fixed 
by the propagation of errors in the numerical simulation, and on the other hand, the im- 
perfections in the experimental apparatus. The experimentally observed roll pattern is 
however similar to the one reported by Kim and Viskanta (1984). Despite an overall sim- 
ilarity in the thermal fields between the simulation and the experiment, there is a degree 
of mismatch in the temperature contours as well as the point-wise temperature profiles 
(Figure B.2). Possible reasons can be traced to the fact that the boundary conditions 
in the experiment cannot match closely the simulation. Examples are non-uniformity of 
the surface temperatures, partially conducting side walls and three dimensionality of the 
convection pattern itself. 




Figure B.3; Isotherms for depth-averaged temperature obtained in a three-dimensional 
simulation of convection in a cavity filled with air at (a) transverse and (b) longitudinal 
planes; Cavity temperature difference is 10 K. 


The full three dimensional simulation of convection in a cavity filled with air was 
carried out in the rectangular box whose geometry was 'identical to that used in the 
experiment. Results have been presented on two sections that are symmetrically placed 
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perpendicular and parallel to the longer side wall of the cavity. It is worth recalling 
that in the experiments, the projection of the thermal field along the length of the box 
alone is recorded. The results of numerical simulation are presented in Figures B.3(a- 
b). On comparison, the results of tw'o and three-dimensional simulation in terms of 
fringe patterns are seen to be similar on the transverse plane. A unicellular roll with 
its axis aligned parallel to the longer side of the cavity is obtained. No additional rolls 
were obtained on the longitudinal plane (Figure B.3(b)). The isotherms sho\v the effect 
of three-dimensionality through periodically spaced closed loops along the length of the 
cavity. The corresponding velocity vectors shown in Figures B.4(a-b) confirm the absence 
of rolls in the longitudinal plane of the cavity. 




Figure B.4: Depth-averaged velocity field obtained in a three-dimensional simulation in 
a cavity full of air at (a) transverse and (b) longitudinal sections; Cavity temperature 
difference is 10 K. 


B.2.2 Convection in a water-filled cavity 

Three-dimensional simulation of convection was carried out in a cavity filled with water 
for a temperature difference of 10 K. The isotherms have been presented in Figures 
B.5(a-c). The Rayleigh number for the present calculation was 1.7E+06. Comparing 
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the simulated results of Figure B.5(a) on the transverse mid-plane with the experiments 
(Figure B.5(b)), it is observed that the isotherms are considerably deformed. Thus a 
vigorous state of convection is established in the cavity. The isotherms in Figure B.5 
are to be interpreted as instantaneous snapshots. Dense fringes are obtained near the 
two walls indicating that the wall heat transfer has been significantly enhanced. The 
isotherms derived from simulation clearly show a three-dimensional convection pattern in 
the thermal field. This is confirmed by the presence of secondary closed rolls. No primary 
roll is to be seen in the cross-sectional plane of the cavity with a specific sense of rotation. 
On the longitudinal midplane (Figure B.5(c)), clear primary rolls are obtained with their 
axis aligned parallel to the short side walls of the cavity. These results can be confirmed 
from the velocity vector plots of Figure B.6. 




(c) 


Figure B.5; Comparison of isotherms obtained in simulation (a and c) and (b) experi- 
mental projection data; Cavity filled with water for an imposed temperature difference 
of 10 K. Temperature values for isotherms are equally spaced. 
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(b) 


Figure B,6: Velocity vectors obtained in a three-dimensional simulation at (a) trans- 
verse and (b) longitudinal sections; Cavity filled with water for an imposed temperature 
difference of 10 K. 

B.2. 3 Convection in superposed air- water layers 

Experiments as well as two dimensional simulation were carried out for convection in 
the cavity containing air and water layers of equal thickness'^. Experiments have been 
performed in a rectangular box with a square cross-section as reported in Chapter 5. The 
simulation was carried out on a square cross-section with identical geometry and thermal 
boundary condition as in the experiments. Data for cavity temperature differences of 10, 
15 and 18 K have been reported. In the experiments, the temperatures of the lower and 
the upper walls have been monitored by thermocouples, but other temperatures have 
to be determined from the interferograms. An important quantity that determines the 
nature of the flow fleld in the fluid layers is the interface temperature. For the three 
values of the cavity temperature difference, the interface temperature determined from 
the experiments, simulation and the correlation of Gebhaz’t et al. (1988) are summa- 
rized in Table B.l. The overall agreement is quite satisfactory. The Rayleigh number's 
in the individual phases range from 4000-7000 in air and 16000-42000 in water. The 


Owing to the large CPU time requirement, three dimensional calculations could not be performed. 
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corresponding average Nusselt numbers at the walls adjoining the horizontal walls of the 
cavity are summarized in Tables B.2 and B.3. The overall agreement in air is seen to 
be satisfactory. Larger discrepancies are seen in water, the correlation of Equation 4.27 
over-predicting significantly the Nusselt number. The numerical prediction is however 
closer to the present experiments. 

A direct comparison of the numerically computed isotherms with the experimental 
fringe patterns for the three cavity temperature differences is presented in Figures B.8(a- 
f). The temperature profiles obtained by the two approaches at selected columns of the 
cavity are shown in Figures B.9(a-c). While the two fields show similarlity in certain 
respects, the overall conclusion to emerge from this comparison is that the predicted 
point-wise fields are quite different. The temperature drop in the water layer is small 
when compared to air, in view of their differing thermal conductivities. This result is 
seen in the computation as well as the experiment. The convective field predicted by 
the simulation is quite organized in the form of counter-rotating rolls in each layer. The 
number of rolls and their size are seen to change significantly in the experiments with 
the ca^•ity temperature difference. Flow characteristics obtained in the experiments at 
the three temperature differences have been discussed in Chapter 5 (Section 5.1). 

A direct comparison of numerically recorded isotherms with experimental interfer- 
ograms has also been reported by Prakash and Koster (1996) and is reproduced in Figure 
B.7. The numerical calculations reported here are purely two dimensional. Experiments 
were conducted in a vertical cavity that was very thin in the viewing direction, corre- 
sponding to an Aspect ratio = 0.14. The fluids considered were 100 cSt silicone oil 
(Pr = 917) floating over ethylene glycol (Pr = 159). The Rayleigh number range consid- 
ered was such as to generate a steady flow field in the cavity. The numerical predictions 
were seen to match the experiments quite closely. For a lower range of Rayleigh numbers 
(Figure B.7(a)), the ascending plume in the lower fluid layer was accompained by an 
ascending plume in the upper layer, indicating thermal coupling between them. These 
trends were seen in the numerical simulation at higher Rayleigh numbers as well. The 
interferograms of Figure B.7(b) at a higher Rayleigh number reveal oppositely oriented 
(multiple) rolls in the fluid layers, a sign of mechanical coupling. In this respect the 
comparison between the numerical calculations and experiments is inadequate. 

In contrast to the work of Prakash and Koster (1996), the results presented in 
Figures B.8-B.10 are applicable for: 


1. superposed fluid layers of air (Pr = 0.71) and water (Pr = 6.1), 
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Figure B.7: Silicone oil 100 cSt over ethylene glycol; equal layer height: interferograms 
(left column) and numerical simulation (right column), after Prakash and Kos er, 


2. a higher range of Rayleigh numbers (Ra/Radair = 4.15, Ra/Rad,.ater 24.7). 

3. a cavity with a higher aspect ratio. 

The numerical results consistently reveal mechanical coupling between the fluid 
layers. Experimentally, the nature of coupling is thermal since the roll patterii “ “ 
seen to be unicellular, that in water being multi-cellular and three dimensional. Hu. 
extent, a two dimensional model has been invalidated in the present work. 

Numerically generated velocity vectors and roll patterns 
perature differences are presented below. The results have ^ Velocitv 

Lee temperature differences in Figures B.lO(a-b), 

vectors and roll patterns in ail three cases clearly indicate the ^ 

in air as well as in water. They also depict that the ascending flow in air meets 
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Figure B.8: Isotherms generated numerically (left column) and experimentally (right 
column) for cavity temperature differences of 10 K (a,b), 15 K (c,d), and 18 K (e,f). 
In numerical calculation, isotherms in air and water were generated step-by-step with a 
temperature increment of 1 K. 







0.67 


1 1 

e 

,lly obtained temperature profiles with nu- 
a cavity half filled with water in air-water 
are (a) 10 K, (b) 15 K, and (c) 18 K. 
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Table B.l; Comparison of the numerical and the experimental interface temperatures 
with Gebhart et al. (1988) (marked ‘Reference’) in a cavity containing lavers of air and 
water of equal thickness. 


AT, K 


Tj,^C 


Numerical 

Experimental 

Reference 

10 

25.68 

25.82 

25.79 

15 

30.49 

30.80 

30.70 

18 

33.38 

33.72 

33.64 


Table B.2: Comparison of the Numerical and the Experimental average Nusselt numbers 
on the air-side with Gebhart et al. (1988) (marked ‘Reference’). 


AT, K 

Ra 

Numerical 

Experimental 

Reference 

10 

4185 

1.86 

1.97 

1.85 

15 

6044 

2.15 

1.94 

2.04 

18 

7088 

2.15 

1.99 

2.16 


Table B.3: Comparison of the Numerical and the Experimental average Nusselt numbers 
on the water-side with Gebhart et al. (1988) (marked ‘Reference’). 


AT, K 

Ra 

Numerical 

Experimental 

Reference 

10 

16,413 

2.72 

2.97 

3.68 

15 

30,772 

2.84 

3.40 

4.21 

18 

42,147 

3.15 

3.70 

4.50 


descending flow in water along the vertical axis at the center of the cavity near the 
interface. This indicates that the sense of rolls to be oppositely oriented and thus the 
two-layers are mechanically coupled at the interface. In this respect, the numerical and 
the experimental data are at variance with each other. From Figure B.IO, it is also clear 
that the velocity vectors are continuous at the interface. This can be interpreted as 
follows: The layer just below the interface drags the layer above through the mechanism 
of viscosity, and thus a mechanical coupling at the interface is established. Numerical 
results showed that the maximum velocities increased from 2.1 cm/s to 3.5 cm/s in air. 
and from 0.058 cm/s to 0.08 cm/s in water, for an increase in from 10 K to 18 K. 
This indicates that the increase in kinetic energy due to buoyancy forces is higher in 
air as compared to water. It is consistent with a higher temperature drop in air when 
compared to water. An interesting feature was noticed in the simulated roil pattp- 
developed in the water phase. As the temperature increased from 10 K to 18 h 
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strength of convection increased on the right side, while it has decreased on the left side. 
Thus the pattern developed asymmetry with respect to the central \"ertical axis of the 
cavity for higher temperature differences. 

B.2.4 Deformation of the air-water interface 

The chang'e in the shape of the interface with increasing temperature differences across 
the two walls has been presented in this section. The numerical plots are based on the 
surface tension formulation of Section B.1.1, also discussed by Edwards et al. (1991). 
They have been compared with the experimentally recorded interface shapes. The com- 
parison is shown in Figure B.ll. Experimental results are depicted in the form of a 
shadowgraph, in which only one light beam of the interferometer was used. The ex- 
perimental images in Figure B.ll show only the water layer where its free surface gets 
deformed continuously with an increasing temperature difference. 



Figure B.ll; Experimentally recorded air-water interface shapes at cavity temperature 
differences of AT=10 K (b), 15 K (c) and 18 K (d) and comparison -with the analytic 
model (a). 



